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Harvard Center for Risk Analysis
718 Huntington Avenue
Boston, MA 02115

May 24,2002

John Morrall

Office of Information and Regulatory Affairs
Office of Management and Budget

NEOB, Room 10235

725 17* Street, NW

Washington, DC 20503

Dear Mr. Morrall,

This letter expresses our support for some of the methodological approaches outlined in
the report published by your office in the Federal Register on March 28,2002 (Vol. 67, No. 60,
pp. 15014to 15045)and suggests additional methodologies that we believe OIRA should
consider in its efforts to evaluate federal regulations.

In general, we believe that economic assessments of regulations should use approaches,
such as benefit-cost analysis and cost-effectiveness analysis, that account for both anticipated
benefits and costs. The technical issues associated with these methodologies have been
extensively studied. A good example of a set of standard practices was developed by the Panel
on Cost-Effectivenessin Health and Medicine convened by the U.S. Public Health Service in the
1990s. Although the recommendations were developed in the context of medical decision
making, they are generally applicableto other policy contexts where health risks are a key
outcome. Key features of the Panel’s recommendations include the use of quality-adjusted life
years (QALYs) as a measure of health effects in cost-effectiveness analyses, and discounting of
future health and economic consequences. QALY are similar to the measure known as
disability-adjustedlife years (DALYS), but they differ in that, unlike DALYS, they give equal
weight to health improvements at all ages. We have included three articles summarize the
Panel’s recommendations (Russell et al., 1996; Weinstein et al., 1996; Siegel et al., 1996), as
well as an editorial from a recent issue of the Journal of the American Medical Association that
supports the use of cost-per-QALY analysesto guide policy decisions (Mark, 2002).

A part of consideringboth costs and benefits is the valid treatment of the uncertainty
inherent in estimating the probability and magnitude of various outcomes. The field of Decision
Science has demonstratedthat rational decision making depends on fully characterizing the range
of plausible values for uncertain quantitiesrather than, for example, depending exclusively on
“worst case” estimates. The enclosed paper by Evans et al. (1994) describes how such a
distribution can be developed when so-called “objective” information is not available.

Finally, we urge OIRA to apply economic evaluation techniques in assessing which
information should be gathered to improve decision making. The enclosed paper by Thompson
and Evans (1997) describes how “value of information” techniques can be used to identify which
information can be expected to best improve the ability of policy makers to identify economically
efficient policies. Value of informationtechniques can also help to distinguish between situations
in which it is best to gather additional information before choosing how to act, and those



situations in which the cost of additional information — in terms of either the time needed to
gather it or its financial cost - is too great to justify putting off action.

Sincerely,

Joshua T. Cohen, Ph.D.

Senior Research Associate
Harvard Center for Risk Analysis
Harvard School of Public Health

John S. Evans, S.D.

Senior Lecturer on Environmental Science
Department of Environmental Health
Harvard School of Public Health

James K. Hammitt, Ph.D.

Associate Professor of Economics and Decision Sciences
Department of Health Policy and Management

Harvard School of Public Health

Karen M. Kuntz, Sc¢.D.

Associate Professor of Health Decision Science

Departments of Health Policy and Management and Biostatistics
Harvard School of Public Health

Peter Neumann, Sc¢.D.

Assistant Professor of Policy and Decision Sciences
Department of Health Policy and Management
Harvard School of Public Health

Milton C. Weinstein, Ph.D.

Henry J. Kaiser Professor of Health Policy and Management
Departments of Health Policy and Management and Biostatistics
Harvard School of Public Health
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Recommendations of the Panel

on Cost-Effectiveness
in Health and Medicine

Milton C. Weinstein, PhD: Joanna E. Siegel, ScD; Marthe R. Gold, MD, MPH; Mark S. Kamlet, PhD;

Louise B. Russell, PhD; for the Panel on Cost-Effectiveness in Health and Medicine

Objective.—To develop consensus-based recommendations for the conduct of
cost-effectiveness analysis (CEA). This article, the second in a 3-part series, de-
scribes the basis for recommendations constituting the reference case analysis, the
set of practices developed to guide CEAs that inform societal resource allocation
decisions, and the content of these recommendations.

Participants.—The Panel on Cost-Effectiveness in Health and Medicine, a
nonfederal pane! with expertise in CEA, clinical medicine, ethics, and health out-
comes measurement, was convened by the US Public Health Service (PHS).

Evidence.—The panel reviewed the theoretical foundations of CEA, current
practices, and altemative methods used in analyses. Recommendations were de-
veloped on the basis of theory where possible, but tempered by ethical and prag-
matic considerations, as well as the needs of users.

Consensus Process.—The panel developed recommendations through 2%
years of discussions. Comments on preliminary drafts prepared by panel working
groups were solicited from federal government methodologists, health agency of-
ficials, and academic methodologists.

Conclusions.—The panel's methodological recommendations address
(1) components belonging in the numerator and denominator of a cost-
effectiveness (C/E) ratio; (2) measuring resource use in the numerator of a C/E
ratio; (3) valuing health consequences in the denominator of a C/E ratio; (4) esti-
mating effectiveness of interventiens; (5) incorporating time preference and dis-
counting; and (6) handling uncertainty. Recommendations are subject to the “rule
of reason,” balancing the burden engendered by a practice with its importance to
a study. If researchers follow a standard set of methods in CEA, the quality and

comparability of studies, and their ultimate utility, can be much improved.
JAMA. 1996;276:1253-1258

COST-EFFECTIVENESS analysis
(CEA) has emerged as a basic tool in
the evaluation of health care practices.

From the Depariments of Health Policy and Man-
agement (Dr Wainstein) and Maternal and Child Health
(Dr Sieget), Harvard School of Public Heaith, Boston,
Mass; Office of Disease Prevention and Health Promo-
tion, US Public Health Service, Washington, DC (Dr
Gold); Heinz School, Carnegie Mellon University, Pilts-
burgh, Pa (Dr Kamiet), and the Institute for Health,
Health Care Policy, and Aging Research, Rutgers Uni-
versity, New Brunswick, NJ (Dr Russefl).

A compiete list of the Panel on Cost-Effectiveness in
Health and Medicine membership and staft appears at
the end of this articie.

Corresponding author: Marthe Gold, MD, MPH, Of-
fica of Disease Prevention and Health Promotion, 200
Independence Ave SW, Room 738G, Washington, OC
20201

JAMA, October 16, 1936--Vol 276, No. 15

Despite widespread application, there re-
main disparities in the methods that
investigators employ.' Some of these dis-
parities can be traced to a misunder-
standing of the principles of CEA, while
others reflect divergent views on key
methodological choices. For example, an
investigator who fails to account for im-

. portant negative side effects of a therapy

in estimating effectiveness is making a
clear error, while investigators who in-
clude or exclude the financial costs of
lost productivity that accompany ill-
ness are reflecting different views of how
productivity should be accounted for in
a CEA.

The divergence of methods used to con-

duct CEA interferes with the sbility of
decision makers charged with resource
allocation to make appropriate compari-
sons of cost-effectivenese ((VE) ratios
across programs. As described in the first
article of this series,? this concern about
lack of standardization has led the Panel
on Cost-Effectiveness in Health and Medi-
cine to develop a set of recommendations
for the practice of CEA. that can serve as
a point of reference for investigators who
seek comparability with other analyses in
the literature. The panel refers to this set
of methodological practices as the refer-
ence case.

The reference case will not address all
types of questions regarding the cost-
effectiveness of interventions. In some
cases, depending on the goals of the analy-
gis, the author may prefer to highlight an
analysis based on a slightly different set
of principles, or one based on quite dif-
ferent assumptions. Inthe interest of com-
parability, however, we urge that the ref-
erence case set of assumptions and
practices be included in every CEA that
is designed to permit broad comparisons
across interventions or that might be used
for this purpose.

The recommendations outlined here,
together with others that provide more
detailed methodological guidance, are ex-
panded in the full report of the panel?
While this article focuses on the refer-
ence case recommendations, we also de-
seribe a few recommendations that are
intended to improve the conduct of analy-
ses but that are not explicitly incorpo-
rated within the reference case.

RATIONALES FOR
RECOMMENDATIONS

Reference case analyses are intended
to inform resource allocation decisions
and, as described in the first article of this
series, are conducted from the societal
perspective for this reason.” Specific rec-
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ommendations for conducting CE As from
the societal perspective were based on a
number of considerations, including eco-
nomic and decision theory; consistency in
the accounting of costs and consequences;
ethical concerns; pragmatic concerns; and
needs of users of analyses. In some in-
stances, where neither theory nor these
other considerations led to a clear choice,
the panel recommended a convenuonal
practice for the sake of consistency acroés
studies.

‘Where possible, recommendations were
based on theoretical considerations in or-
der to provide a defensible, logical, and
consistent framework for methodological
choices. At one level, CEA can be based
solely on the mathematical theory of

“optimization.™ In that formulation, the
decision maker is free to select any ob-
jective to maximize (eg, life-years or qual-
ity-adjusted life-years [QALYs]) and to
specify the particular resource constraint
under which allocations must be made
(eg, national health care costs). However,
this framework alone provides no guid-
ance on key issues that arise from a so-
cietal perspective, such as which costs to
include in the analysis, how to measure
costs, and whose values to incorporate
into the definition of health consequences.
Therefore, drawing from recent litera-
ture suggesting a link between CEA and
welfare economic theory,® the panel re-
lied on economic theory for many of the
recommendations for the reference case.
Inaddition to economic theory, principles
of decision theory were invoked to define
the basis for individual preferences.

Some recommendations were dictated

by the need to maintain a logical account-

ing of costs and health effects. For ex-
ample, theoretical considerations, along
with a basic presumption about the defi-
nition of the C/E ratio? led to a clear
decision concerning the placement of all
health effects in the denominator of the
C/E ratio. Then, the “accounting” prin-
ciple that no cost or effect should be
counted twice disallowed the inclusion of
health effects—even in monetary form—
in the numerator of the C/E ratio.

The implications of welfare economics
were often modified in the interest of
producing recommendations that were
both pragmatic and ethically acceptable.
The practical need to obtain data on health
outcomes, utilization of services and unit
costs, and weights for health-related qual-

ity-of-life (HRQL) states led to such com-.

promises. For example, while medical
prices are not an exact reflection of the
true value of resources, pragmatism sug-
gests that prices be used to approximate
costs except where distortions are likely
to be significant and important to the
ysis.
Ethical considerations sometimes tem-
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pered recommendations based on eco-
nomic theory or were decisive in choices
among alternatives. Most fundamentally,
the decision to use QALY as the effec-
tiveness megsure reflects the ethical
stance that QAL Ys accruing to different
people or at different stages in life should
be valued equally, even though welfare
economics implies that health benefits
should be weighted by willingness to pay.

Where theory did not offer a clear
choice, the panel based some recommen-
dations simply on the need for a clear
convention to which analysts would ad-
here in the reference case. In some cases,
the recommendation was somewhat ar-
bitrary. For example, the choice of a stan-
dard time discount rate, while guided by
theory and data, is fixed by the need for
a standard practice.

Finally, needs of the potential users of
CEAs influenced several recommenda-
tions, playing a particularly great role in
the panel's recommendations for the re-
porting of CEAs as described in the third
article of this series.® They also entered
into the recommendations regarding the
evidence of effectiveness used in analyses
and the treatment of uncertainty. For ex-
ample, sensitivity analyses, which explore
the implications of alternative assump-
tions and data, are often recommended so
that decision makers can gain confidence
in the conclusions of an analysis or iden-
tify areas for further investigation.

While some of the reference case rec-
ommendations address common errors in
the practice of CEA, many more repre-
sent the panel’s view of the best among
several defensible choices. The task of de-
veloping CEA standards is analogous to
the formulation of the consumer price in-
dex (CPI), which is used to adjust for
inflation based on the prices of a typical
market basket of goods and services. The
choice of what items go into that market
basket, and how they are weighted, re-
flects judgments made by the Bureau of
Labor Statistics and its advisors. Legiti-
mate opposing views exist.! However,
there is an implied consensus that the
CPI will be used so that industry, gov-
ernment, and consumers can have ashared
understanding of the inflation rate. In-
deed, flows of resources, such as the level
of Social Security payments, depend in
part on the CPI. While this country does
not base policy directly on C/E ratios as
it does with the CPI, it is important for
many decision makers to be able to rely
on a dependable yardstick for measuring
cost-effectiveness of health services.

RECOMMENDATIONS

The panel's recommendations fall
largely into 8 categories: (1) the nature
and limits of CEA and of the reference
case; (2) components belonging in the

numerator and the denominator of a C/E
ratio; (3) measuring terms in the numers-
tor of a C/E ratio (oosts). (4) valuing the
health consequences in the denominator
of a C/E ratio; (5) estimating effective-
ness of interventions; (6) time preference
and discounting; (7) handling uncertainty
in CEA,; and (8) reporting guidelines. The
first group of recommendations, regard-
ing the nature and limits of CEA, has
been described in the first article of this
series.? The last group, regarding report-
ing guidelines, is the subject of the third
article ¢ Additional recommendations re-
garding research to develop improved
data for CEA and improved methods are
described in the full report of the panel.?
This article summarizes the remaining 6
categories of recommendations.

Components Belonging In the
Numerator and the Denominator
of a C/E Ratio

Cost-effectiveness analysis rests on the
proposition that a decision maker wishes
to select programs so as to maximize some
desired objective subject to a resource
constraint. In practice, CEA in health
care has been based on the premise that
health benefits are the objective that so-
cietal decision makers wish to maximize,
subject to a constraint on health care re-
sources. This formulation leads directly
to the construction of a C/E ratio in which
the net expenditure of health care re-
sources (a2 monetary measure) goes in the
numerator and the net improvement in
health (a nonmonetary measure) goes in
the denominator.

Unfortunately, however, this deﬁmtlon
is incomplete. It leaves open to question
whether certain costs and consequences
should be thought of &s health care costs
or savings (numerator), or health decre-
ments or xmprovement.s (denominator),
and it completely ignores nonhealth costs
and effects, such as those associated with
economic productivity, the environment,
or education. Therefore, if analyses are w
handle such issues consistently, the choice
between numerator (resource impact) and
denominator (HRQL impact) must fol-
low an established convention. In any case,
the societal perspective dictates that all
important impacts on human health and
on resources must be included some-
where, either in the numerator or the
denominator. With this principle in mind,
the panel reached the following recom-
mendations regarding the distinction be-
tween costs and health consequences.

By convention, the denominator of a
C/E ratio is reserved for the improve-
ment in health associated with an inter-
vention. Thus, effects of an intervention
on length of life and on morbidity, includ-
ing the full value of HRQL to patients,
should be incorporated in the denomina-
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tor. In order to avoid double counting,
monetary values for lost life-years should
not be imputed in CE A and should not be
included in the numerator of the C/E ra-
tio. For a reference case analysis, HRQL
should be captured by a measure that, at
a minimum, implicitly incorporates the
effects of morbidity on productive time
and leisure. When instruments used to
measure health states are silent concern-
ing the consideration of lost income, we
assume that financial effects have been
considered by the respondent and that it
is therefore not necessary to account for
these effects in the numerator. Prefer-
ences for health states ideally should be
elicited using health status measures that
explicitly invite respondents to consider
the full range of impacts of the health
status change, including loss of income
and leisure activities.

Currently, some instruments used to
measure health states explicitly exclude
consideration of lost income. Moreover,
methods that measure changes in HRQL
in monetary terms, such as contingent
valuation (willingness to pay), have also
been used. While these approaches are
technically valid, a CEA in which these
practices were used would not constitute
a reference case analysis,

The numerator of a C/E ratio captures
an intervention. The major categories of
resource use that should be included are
costs of health care services; costs of pa-
tient time expended for the intervention;
costs associated with caregiving (paid or
unpaid); other costs associated with ill-
ness, such as child care and travel ex-
penses; economic costs borne by employ-
ers, other employees, and the rest of
society, including so-called friction costs
associated with absenteeism and employee
turnover®, and costs associated with non-
health impacts of the intervention, such
as on the educational system, the criminal
justice system, or the environment.

The handling of patient time in CEA
presents challenges and is the focus of
several reference case recommendations.
Time spent by individuals seeking health
care or undergoing an intervention is a
component of the intervention, and thus
it should be valued in monetary terms
and incorporated into the numerator of
the C/E ratio. Time spent sick (morbidity

time) is part of the health outcome mea-

sured in the denominator of the CEA, as
described above. In some instances (eg,
when recuperating from surgery), time
could be categorized either as morbidity
time (valued in the denominator) or as an
input to the intervention itself ‘(costed
out in the numerator); as a general rule,
this time should be considered as mor-
bidity time. These recommendations are
not based on any fundamental theoretical

JAMA, Octaber 16, 1996—Vol 276, No. 15

consideration, but are made for consis-
tency across reference case analyses.

Measuring Terms in the Numerator
of a C/E Ratio (Costs)

A change in the use of a resource caused
by a heaith intervention should be valued
at its opportunity cost, which is the value
the resource could have’produced if it were
spent in its best available alternative use.
In économics, this principle is the basis
for valuing resource flows in society.

Several implications arise from the op-
porfunity cost principle. First, it is the
difference in resource use between an
intervention and the intervention with
which it is being compared that should be
included in the numerator of the G/E ra-
tio. That is, costs should reflect the mar-
ginal or incremental resources consumed
or saved, rather than total resources.
Fixed costs—costs unaffected by the level
of implementation of an intervention—
should generally be excluded from
consideration. However, resource costs
should be measured from a long-term per-
spective, which implies that many costs
that may be fixed in the short run (such
as most of what is usually considered over-
head in the financial accounts of hospi-
tals and other health care providers) are
in fact variable in the long run and should
be'included in CEAs, -

Direct measurement of opportunity
costs is difficult and often impossible. To
the extent that market prices of health-
care inputs reflect opportunity costs, they
provide an appropriate means for valuing
changes in resources. According to eco-
nomic theory, prices in competitive mar-
kets reflect opportunity costs of resources.
However, when prices do not adequately
reflect opportunity costs because of mar-
ket distortions, they should be adjusted
appropriately. Examples of adjustments
commonly used in CEAs include the use
of ratios of cost to charge (RCCs) to ad-
just hospital prices, the use of manage-
ment accounting systems to estimate
costs, and the use of third-party payments
to providers in lieu of fees to reflect pro-
vider opportunity costs. When substan-
tial bias is present in prices and adjust-
ment is not feasible, the panel recommends
that more suitable proxies for opportu-
nity costs be considered, inchiding the pos-
sibility of conducting “microcosting” stud-
ies within provider organizations. (Such,

- gtudies collect information on the range of

inputs to a service, such as the nursing
care, supplies, and ancillary services con-,
stituting a day of hospital care.)

Costs should be measured in constant
dollars, that is, in the dollars of a fixed
year. When the original data are for dif-
ferent years, the effect of price inflation
must be removed, either by inflating the

“data’from an earlier year to the chosen

year or by deflating the data from a later
year. Depending on whether the resources
being valued are more representative of
goodsand services in the economy at large
or in the medical care sector, either the
CPI or its medical care component(s) is
suitable for inflation adjustment in CEAs,

Transfer payments (such as cash trans-
fers from taxpayers to welfare recipients)
associated with a health intervention re-
distribute resources from one individual
to another. While administrative costs as-
sociated with such transfers could be in-
cluded in the numerator of a C/E ratio,
the transfers themselves should not be
since, by definition, their impact on the
transferor and the recipient cancel out
from the societal perspective.

Time costs for individuals in the labor
force should generally be valued by the
wage rate as an acceptable measure of
opportunity cost of time. The reference
case recommendation is to use wages cor-
responding to the age and gender com-
position of the target population. How-
ever, group-specific wages may influence
the conclusions of an analysis in ethically
problematic ways. For example, a policy-
maker might object to having the wage
differential between men and women re-
flected in the results of a CEA. In these
instances, sensitivity analyses should be
conducted to explore the specific nature
of this influence. Because of such ethical
concerns, and because of practical prob-
lems in obtaining data on wages by char-
acteristics other than age and gender, the
panel does not recommend using wages
specific to target groups defined by race,
ethnicity, or other characteristics.

‘Wage rates generally donot adequately
reflect the value of time for persons en-
gaged primarily in leisure—such as re-
tired persons-—or in activities for which
they are not compensated—such as house-
hold activities. Average age- and gender-
specific wages among persons in the la-
bor force may be applied to approximate
the opportunity cost of time for persons
of similar age and gender not in the labor
force. :

Should health care costs that result
solely from the fact that a successfully
treated patient lives longer be attributed
to the health intervention? Which future

costs should be included in a CEA? For -

example, & cost-effective analysis of an-
tihypertensive therapy found that exclud-
ing noncardiovascular disease costs in fu-
ture years would reduce the C/E ratioby
5% to 20%, with the greatest impacts on
the ratios for younger population groups.®
To clarify the issues, we define 5 catego-
ries of induced costs that may or may not
be germane in a CEA. These are (1) costs
for intervention-related diseases incurred
in years of life that would have been lived
anyway; (2) costs for unrelated diseases
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-costs for related diseases

that are incurred in years of life that would
have been lived anyway; (3) health care
that ensue in
years of life added (or subtracted) as a
result of the intervention, (4) health care
costs for unrelated diseases that occur in
years of life added (or subtracted) by the
intervention, and (5) nonhealth care costs
typified by commodities such as food and
shelter that occur in years of life added
(or subtracted) by the intervention.

The handling of some of these catego-
ries of costs is uncontroversial. Costs of
related diseases in the original life span
clearly must be included in the analysis.
For example, costs and savings associ-
ated with treatment of strokes and myo-
cardial infarctions must be included in
analyses of hypertension programs. Costs
of treating adverse effects of treatment
must be included as well. On the other
hand, because unrelated health and non-
health care costs occurring throughout
the expected years lived without the in-
tervention would cance! from the incre-
mental cost calculation in the numerator
of the C/E ratio, these may be omitted
from the analysis. It may actually be pref-
erable to omit these unrelated costs be-
cause their measurement may add to er-
ror in the estimation of costs with and
without the intervention.

Costsfor intervention-related diseases
that occur in added years of life are typi-
cally included in CEAs. For example, if a
fatal myocardial infarction is delayed 5
years by a coronary bypass operation or
a cholesterol-lowering regimen, the costs
of treating coronary events ensuing
throughout the 5 years should be, and
usually are, included. Similarly, costs of
an ongoing therapy throughout added
years of life, such as lifelong-antthyper-
tensive treatment and its medication side
effects, are always included.

Costs of diseases unrelated to the in-
tervention and ensuing as a result of added
years of life have been the source of more
debate.**!*2 Difficulties with the choice
toinclude or exclude them are illustrated
by the example of a cholesterol-lowering
intervention. The analyst might decide to
exclude all unrelated costs occurring in
years of life gained because of the pro-
gram. In this case, costs of illnesses such
as arthritis and Alzheimer disease would
be excluded. However, age-gpecific “back-
ground” costs of coronary heart disease—
that is, the level of disease that would
occur among people who are not candi-
dates for the intervention—are also “un-
related” to the intervention and should
also be excluded. To neglect to do so would
provide an uneven playing field for com-
parisons of interventions affecting differ-
ent diseases: life-prolonging heart disease
interventions would be encumbered with
all future costs of heart Hisease even
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though they only target an excess risk,
while suicide prevention programs would
not. To avoid the practical and conceptual
problemsin di ing the “related” and
‘“unrelated” elements of costs for “related”
diseases, it would be preferable to in-
clude all these costs. However, this choice
would impose a burden on the analyst
frequently not warranted by the impor-
tance of future costs.

Because there are unresolved theoreti-
cal and empirical questions and because
health care costs in added years of life are
typically small compared with the other
costs in an analysis, the panel concluded
that the reference case may either in-
clude or exclude these costs. Whenever
the investigator has reason to believe that
inclusion or exclusion of future health care
costs may make a significant difference
to the analysis, a sensitivity analysis
should be performed to assess the effect
on the C/E ratio.

We now consider nonhealth care costs
in added life-years. Although there is no
precedent in CEA for including these
costs, one could reasonably argue that if
health care costs in added years can be
included, future expenditures on food,
clothing, and shelter should also be in-
cluded. The theoretical answer is that the
net economic burden of survivors on the
rest of society (consumption minus pro-
ductivity) should indeed be included as a
cost. However, if these nonhealth care
costs are truly “unrelated,” then their
consistent inclusion or exclusion would
only add or subtract a constant from the
C/E ratio.! Whether nonhealth care costs
are in fact “unrelated,” or at least ap-
proximately so, is an unresolved empiri-
cal question. Nonetheless, on the assump-
tion that these costs can reasonably be
considered to be unrelated and to avoid
placing an unnecessary burden on the ana-
lyst, the panel does not recommend in-
cluding future nonhealth care costs in ref-
erence case analyses.

Valuing the Health Consequehces
in the Denominator of a C/E Ratio

As discussed in the first article of this
series,? a reference case analysis should
measure health effectiveness in terms of
QALYs. These QALYs incorporate
changes in survival and changes in HRQL
by weighting years of life to reflect the
value of the HRQL during each year.!
In order to be consistent with the QALY
construct, the quality weights must be

" measured by or transformed into the in-

terval scale on which optimal health has
a value of 1 and death has a value of 0.

The weights used in QAL Ys should be
based on a health-state classification sys-
tem that reflects health-related domains
(attributes) that are important for the par-
ticular analysis. In order to qualify as a

reference case analysis, the CEA should
use a generic health-state classification,
that is, a classification that applies broadly
acroes diseases and conditions. Disease-
specific health-state classifications are ap-
propriate for a reference case analysis pro-
vided that they are designed to be mapped
onto or embedded within a generic sys-
tem. Some examples of commonly used
health-state classification that
may be suitable for CEA include the
Health Utilities Index,'*' the EuroQol,'®
the Quality of Well-Being Scale,” and the
Years of Healthy Life measure.® The
Health Utilities Index, for example, con-
sists of 8 domains (vision, hearing,
dexterity, mobility, cognition, emotion, and
pain), each of which is classified into ei-
ther 5 or 6 levels. Each combination of
Jevels is assigned a weight, using a for-
mula based on multiattribute utility theory
and a community preference survey.'®\

The weights used in QAL Ys should be
based on preferences for health states. In
a reference case analysis, these weights
should be based on community prefer-
ences, rather than those of patients, pro-
viders, orinvestigators. The rationale for
community preferences has been de-
scribed in the first article of this series.?
Health status scales that are not prefer-
ence weighted, such as the Medical Out-
comes Study Short-Form Health Survey
(SF-86),® are not suitable for CEA in
their present form. Use of patient pref-
erences to value health states is accept-
able ina reference case analysis only when
adequate information is unavailable re-
garding community preferences.

The weights assigned to health states

"should be interval scaled; that is, the

method of measurement should be one in
which the ratio of differences between
values is meaningful. (By analogy, the
Fahrenheit, Celsius, and Kelvin scales are
equivalent and appropriate measures of
temperature, because the intervals be-
tween degrees reflect meaningful differ-
ences in temperature.) According to de-
cision theory, preference weights obtained
from standard gamble questions and, un-
der certain conditions, time trade-off ques-
tions satisfy the interval property. At the
same time, psychometric research sug-
gests that rating scales can produce in-
terval data. These claims are mutually
inconsistent, since there is apparently not
a linear relationship between rating scales
and standard gambles or time trade-
oﬁ's‘ﬂ.ll

It remains an open question whether
standard gambles, time trade-offs, rat-
ing scales, or other measures such as
person trade-offs® produce the closest
approximation to the type of interval-
scaled weights needed for QALYs. For
example, some research suggests that
respondents may introduce distortions
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into responses to utility questions such
as the standard gamble, compromising
their theoretical desirability. Therefore,
the panel does not recommend one
source of weights over the others; for
purposes of the reference case, prefer-
ence weights can come from measure-
ment systems that rely on any of these
techniques. The discrepancies associated
with different measurement strategies
pose a problem for standardization that
will be important to address in future
research.

To date, most CEAs using QALYs
have assumed that a year of life gained
by an intervention is valued at .0QALY.
In fact, people are rarely in the state of
optimal health that a full QALY implies;
the use of a value of 1.0 for years that life
is prolonged will therefore overstate an
intervention’s effectiveness and under-
estimate the true C/E ratio. The panel
recommends that, when calculating
QALYs gained from a life-extending in-
tervention, estimates of age- and sex-
specific HRQL shouid be applied to the
years of extended life—even if the inter-
vention itself has no effect on HRQL. Simi-
larly, when estimating QAL Ys gained by
ameliorating disease symptoms, a re-
turn to average rather than optimal HRQL
should be credited. It should be noted that
this use of average quality of life in ref-
erence case analyses means that studies
using ratios of cost per year (unad-
justed) of life saved will not be compa-
rable to reference case results.

Sociodemographic characteristics, such
as age, Sex, or race, are associated with
HRQL. When the QALYs produced by
an intervention vary as a result of these
sociodemographic differences, reference
case results are affected in ways that may
be ethically problematic. For example, an
intervention that extends the lives of 80-
year-olds may appear less cost-effective
than an equally effective intervention ap-
plied to 20-year-olds, not only because
fewer years are gained, but also because
the average quality of those years is less.
In these instances, sensitivity analyses
should be conducted to indicate explic-
itly how results are affected.

Estimating Effectiveness . ,
of Interventions N
The quality and validity of a CEA de-
pend crucially on the quality of the un-
derlying data that deseribe the effective-
ness of interventions and the course of
iliness without intervention. Data may
be obtained from primary data collection
efforts specifically intended to inform the
CEA or from secondary data sources. The
appropriateness of various sources of data
will depend on the purpose ofa CEA. The
consequences of misestimation of cost-
effectiveness may be regarded as more

JAMA, October 16, 1996—Vol 276, No. 15

serious by some decision makers than by
others. For example, the Food and Drug
Administration might desire a greater
level of certainty in distinguishing the
cost-effectiveness of very similar drugs
far the purpose of reviewing marketing
claims than a formulary manager might
demand in adopting a new drug.
For the purpose of a reference case
is, acceptable data for estimation
of effectiveness may come from a variety
of sources: randomized controlled trials,
observational studies, uncontrolled ex-
periments, or descriptive series. The ana-
lyst should select outcome probabilities
from the best-designed (and least-biased)
sources that are relevant to the question
and population under study. There are
often trade-offs between the internal va-
lidity of data (optimized in randomized
trials) and their external validity in ac-
tual practice. Meta-analysis and other syn-
thesis methods can be used when nosingle
study has sufficient power to detect ef-
fects or when studies produce conflicting
results. Expert judgment should be used
only as placeholders where no adequate
empirical data exist, or when the param-
eter of interest plays only & minor role in
the is,
Modeling is a valid and necessary sci-
entific procedure for estimating effec-
tiveness for CEA. Typically, data from
randomized trials are combined with ob-
servational data and public health sta-
tistics in models that are used to esti-
mate changes in life expectancy and
quality-adjusted life expectancy. Mod-
els may incorporate features such as lo-
gistic regression to estimate incidence
of disease or death contingent on risk
factors; Bayesian analysis to estimate
posttest probabilities of disease from
data on sensitivity, specificity, and
prevalence; and life-table analysis to es-
timate life expectancy from survival
curves. Models include population and
cohort models, deterministic and proba-
bilistic models, decision analysis and
state-transition models. Because of lim-
ited time horizons and selected study
populations in clinical studies, failure to
use models to extrapolate from primary
data can lead to greater error than the
models themselves would introduce.
Models should be used as complements
to, not substitutes for, direct primary or
secondary empirieal evaluation of effec-
tiveness. Readers are referred to the
full report of the panel for more discus-
sion of the roles of particular types of
data and models in CEA?

Time Preference and Discounting
Interest rates reflect people’s prefer-

ence for having money and material goods
sooner rather than later. Similarly, people

’

¢

value health outcomes that occur in dif-
ferent time periods differently. In CEA,
time preference for resources is reflected
by discounting future costs to present
value, Discounting the value of future ex-
penditures requires that health effects ex-
perienced in the future also be discounted
at the same rate. This conclusion is based
on the observation that people have ap-
portunities to exchange money for health,
and vice versa, throughout their lives, Fail-
ure to discount health effects will lead to
inconsistent choices over time; for ex-
ample, it will appear that delaying invest-
ments will always result in a program’s
becoming more cost-effective, Forthis rea-
son and based on other evidence and con-
siderations outlined in its full report,® the
panel recommends that costs and health
outeomes occurring during different time
periods should be discounted to their pres-
ent value and that they should be dis-
counted at the same rate. .
Although a wide variety of discount

- rates are used in the literature and can be

defended, a convention is needed to
achieve consistency across analyses, Theo-
retical considerations suggest that the
real (inflation-adjusted) discount rate
should be based on time preference, the
difference in value people assign to events
occurring in the present vs the future.
Further, economic theory suggests that
time preference is reflected in the rate of
return on riskless, long-term securities.
Empirical evidence is consistent with this
rate’s being in the vicinity of 3% per an-
num (net of inflation). Direct evidence on
time preferences for health outcomes is
also consistent with a discount rate of 3%.

The panel therefore recommends the
use of a real, 3% discount rate in the
reference case. Before discounting, all
costs should be adjusted for inflation. Be-
cause many published CEAs have used a
discount rate of 5%, future analyses should
include sensitivity analysis using 5% as
well as other rates in the range of 0% to
7%. The discount rate should be reviewed
and possibly revised periodically, to re-
flect important changes in economic con-
ditions. To ensure that analyses will re-
main comparable, however, both 3% and
5% should continue to be used for at least
the next 10 years.

Handling Uncertainty in CEA

Cost-effectiveness analyses are subject
to uncertainty with regard to estimates
of effectiveness, the course of illness,
HRQL consequences and preferences,
and health care utilization and costs. Us-
ers of analysis need information on the
degree to which CEA conclusions might
change with changes in assumptions or
values.

Sensitivity analysis is an appropriate
tool with which to respond to this need.
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The simplest method, which should be
used in all CEAs, is a univariate (1-way)
sensitivity analysis, in which estimates or
assumptions are changed one at a time,
These establish where uncertainty or lack
of agreement about some key parameter’s
value could have substantial impact on
the conclusion of a CEA. They suggest
areas where efforts to obtain additional

data might be warranted in terms of im-

pact on decisions and, conversely, areas
where additional precision would be un-
likely to change results. For example, the
estimated cost-effectiveness of thrombo-
lytic therapy in older patients with sus-
pected myocardial infarction was shown
to be stable when the efficacy of therapy,
the prevalence of myocardial infaretion,
or the incidence of stroke was varied, thus
suggesting that further research to evalu-
ate the risks and benefits of streptokinase
in this age group was not warranted.®
One-way sensitivity analyses under-
state the overall uncertainty in the C/E
ratio; therefore, analysts should also con-
duct multivariate (multiway) sensitivity
analyses, in which several estimates or
assumptions are changed at the same
time, for important parameters. If pos-
sible, a reasonable confidence interval or
credible interval for the C/E ratio should
be estimated based either on statistical
methods or on simulation. The value of
multivariate sensitivity analysis is great-
est when there is reason to believe that
estimation errors for key parameters are
correlated, for example, if studies that
overestimated the effectiveness of throm-
bolysis also tended to underestimate the
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Since cancer risk at very low doses cannot be directly measured in humans or animals, mathematical
extrapolation models and scientific judgment are required. This article demonstrates a probabilistic
approach to carcinogea cisk.assessment that employs probability tress, subjective pmb;bdiﬁcs. and

standard boot:tnppmg procedures. The probabilistic approach is applied to the carcinogenic risk

of formaldehyde in e¢nvironmental and occupational settings. Sensitivity analyses illustrate condi-
tional estimates of risk for.each path in the probability tree. Fundamental mechanistic uncertainties
are chanacterized. A strength of the analysis is the explicit treatment of altemative beliefs about
pharmacokinetics and pharmacodynamics. The resulting probability distributions on cancer risk
are compared with the point estimates repdited by fedéral agencies. Umhnons of the approach -

are discussed as well as future research directions.
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1. INTRODUCTION

Risk managers are increasingly asking hard ques- .

tions about the scientific basis of quantitative risk esti-
mates.® They want to know how much confidence can

be placed in the methods used to caiculate risk. They -

also want to know about major points ofsc:eutiﬁcdgree-
ment mddmguemnt and how diffsrences in scienuﬁc
opinion are reflected in risk assessment.

Risk managers have good reasons for desiring more
information about which estimates of cancer risk are most
likely or least likely to be correct. Thay see this type of
scientific uncertxinty as a factor to consider when setting
priorities among potential targets for risk management
decisions and for determining the proper degree of strin-
gency in protective regulations. Moreover, indications
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665 Huntington Avenuve, Boston, Massachusetts 0211S. -

2 Center for Risk Amalysis, Harvard School of Public Health, 677
Huatington Avenue, Boston, Massachusctts 02115,

3 Slelken, Inc., Suite 230, 3835 Texas Aveaue, Bryan, 'rmmoz.
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of uncertainty can help target pnoritiu for scieatific re-
search, which may increase confidence in future risk
assessments. Fimlly, repomng the relative likelihood of
alternative estimates of risk can assist risk managers in
efforts to make honest characterizations of risk to jour-
nalists and the public.®

While many risk assessments acknowiedge uncer-
tainty, quantitative indications of the extent of uncer-
*tainty rarely reach the desks of risk managers. For

example, the statement that *‘excess caricer risk may be
as low as zero”” does not distinguish a 90% probability
of zero risk from a 1% probability of zero risk. More-
over, the phrase *“‘plausible upper bound” does not de-
fine how likely it is that the true risk exceeds the plausible-
upper bound (and by how much!). Risk menagers need
to be provided quantitative statements about the likeli-
hood that various estimates of risk are correct.® For-
tunately, a technical consensus is emerging that risk
analysts can and should do a better job of quantifying
the degree of scientific uncertainty in their estimates of
rsk.® -

In this article, we demonstrate 2’ probabilistic ap-
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proach to characterizing the likelihood of alternative val-
ues for low-dose cancer risk, one of the most contentious
issues in risk assessment. Our approach is rooted in
Bayesian concepts of subjective probability™® (which see
strengths of belief on the part of scientific experts as
legitimate measures of likelihood) and is widely used in
business, medicine, and engineering.® Here, we illus-
trate the distributional method without addressing the
critical question of how “experts” should be’selected.
In previous and ongoing work, various procedures for
selecting experts are being examined.”

Our distributional approach builds on other appli-
cations of decision analysis to environmental control
problems.® Formaldehyde (HCHO) was selected for ap-
plication of the approach because it is a chemical that
has been subjected to several risk assessments,!” and
because it has a rich yet controversial experimental da-
tabase that raises interesting challenges for uncértainty
analysis. 09 - ‘

Far illustrative purposes, we address the same an-
alytic questions that EPA and OSHA analysts have ad-
dressed in recent risk assessments: How marny additional
cases of cancer result each year from 240,000,000
Americans inhaling average outdoor concentrations of
approximately 2.28 parts per billion of formaldehyde?
The EPA reported an ““upper bound”” point estimate of
124 excess cancers per year.®? For OSHA the question
was how much excess cancer risk is incurred by a worker
who inhales 0.75 parts per million.of formaldehyde for

a working lifetime? OSHA constructed two point esti- -

mates: 1.6 in 1,000,000 and 2.0'in 1000.4®

2. A PROBABILITY-TREE APPROACH WITH '
ILLUSTRATIVE WEIGHTS

" The most direct method for characterizing the like-

lihood of alternative values of carcinogenic potency is
to elicit from appropriate scientists their subjective prob-
ability density functions on dose-specific potency.*» Al-
though this direct method has been used to 2ssess the

poncarcinogesic heaith risks of lead and sulfate pollu- '

tics_n,(“’ it has not been applied to chemical carcinogen-
esis. _
While the direct-¢licitation method may-be worth
exploring, we rejected it in this case. In light of the
fragmentation ia scientific expertise on cancer potency,
we decided to decompose cancer risk into component
parts befors obtaining subjective probabilities. This al-
lows scientists to focus thinking on well-structured ques-
tions that may be closer to their knowledge base.®® This

Evans et al.

article explores cancer risk characterization through a
strategy of decomposition and recomposition.

For analytical purposes, the inputs 0 the carcino-
genic potency of HCHO are summarized as a six-level
probability tree. The proposed tree, in simplified form,
is reproduced in Fig. 1. A more complete appendix,
which portrays the full tree and associated probabilistic
weights that have been used in our illustrative calcula-
tions, is available from the authors upon request.

The weights in the probability tree are crucial to
the distributional analysis. The weights for the different
alternatives at each level of the probability tree are non-
negative and sum to one. The weight for a complete path
through a probability tree is obtained by multiplying the
weights assigned to cach alternative along the path. Like
the probabilistic weights, each path weight is nonnega-

_ tive and the sum of all path weights must equal one.

Equal weights imply that the alternatives have equal like-
lihood ‘of being correct, given current scientific evi-
dence. If an altenative has been omitted from the tree,
it has implicitly been assigned a probabilistic weight of
ze10

In this article, where the probabilistic approach is
illustrated, the weights have been assigned based on our
reading of the scientific literature and have not been
elicited from experts in toxicology, epidemiology, bios-
tatistics, pathology, biochemistry, and cancer biology.
Hence, the weights should be considered illustrative of
the kinds of information that nced to be elicited from
the relevant scientific communities if the distributional
approach is to be fully implemented. Reasonable sci-
entists might disagres with the weights reported here.
In level one of the tree in Fig. 1, 8 probabilistic
judgment must be made about whether HCHO has the
poteatial to cause cancer in people. This judgment cor-
responds to the concept of *‘carcinogenic hazard,” as
reflected in carcinogen classification schemes. It issa
judgment that traditionally is made independent of dose,

. which means that we are saying that there is an X percent

chance that HCHO could cause cancer in some people
under at least some conditions of exposure. We have
assigned a probability of 0.8 to the eveat that HCHO is
capable of causing cancer in humans, and a probability
of 0.2 that HCHO is not capable of causing human can-
cer, which is arguably consistent with EPA’s decision
to classify formaldehyde as 2 (B1) “probsble human
carcinogen.”*0® :

In the second level of the tree, various mechanistic
bypotheses about chemical carcinogenesis are proposed
and assigned probabilistic weights. This is pethaps the
most critical question in carcinogen risk assessment. We
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assume that HCHO could cause cancer in the respirstory

system by inducing chronic cell proliferation, by direct
genotoxdeity, or by a combination of csll proliferation

and genotoxicity. A probability of 0.8 is assigned to the

event the formaldehydo carcinogenicity is caused solely
by chronic cell proliferation, on the basis of mechanistic

research reported by scientists at the Chemical Industry

Institute of Toxicology (CIIT).!" The remaining prob-
ability, which turns out to be 0.195, is assigned to the
event that both cell proliferation and genotoxicity play
a role in formaldehyde carcinogenesis, since HCHO is
known 10 be mutagenic.(*® A slight probability, sy 0.005,
is assigned to the possibility that direct genotoxicity ex-
plaini sll of formaldehyde's carcintigenic-activity. If this
level of the tree- were devised by cancer biologists and

toxicologists, it might include more branches, numerous
subtrees, and possibilities for subtle biological interac-
tions. '

The third level of the probability tree considers three
possible ideas about what is the relevant dose metric:.
the traditional measure of administered concentration (in
ppm of HCHO), a measure of HCHO iritake, () and 2
measure of covalent binding of formaldehyds to DNA
in the respiratory system in rats and monkeys, as mea-
sured by scientists at CIIT.®? The choice of dose scale
reflects & judgment about the true relationship between
the amount of HCHO administared and the amount that -
interacts with the target cells in the respiratory system.
The traditional approach’ assumes that délivered dose is
proportional to administered concentration, even st low
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administered concentrations.* In contrast, CIIT’s data
suggest that the covalent binding of HCHO to DNA de-

clines rapidly as administered doses are reduced. Ide-

ally, the branches here should reflect different
pharmacokinetic models rather than simply different
sources of data. A complication we do not consider is
the biology of dose pattern (¢.g., peaks vs. averages or
* continuous vs. intermittent exposures).

In our illustrative calculations, we assign probabil-
ity weights of 0.1, 0.3, and 0.6 to the three dose scales,
respectively. Although it has been suggested that all of
the weight should be assigned to the CIIT data on co-
valent binding in rats and monkeys, some questions have
been raised about the relevance of CIIT’s short-term ex-
periments to assessment of risks from chronic human
exposures to HCHO.®

In the fourth level of the trec, four distinct shapes
for the dose—responsive function are presented. The probit
model reflects threshold-like behavior in dose-response
curves. The unconstrained multistage model aflows (but
does not compel) linear dose—response behavior at low
doses, and for this data set, the best fitting model is
sublinear. The constrained multistage model compels a
linear term at low-doses while allowing for curvature at
high doses. And the one-hit model assumes linearity in
tumor response from zero dose to doses within the ex-
perimental range. (Supralinear curves can also be added
to the tree, aithough they are not plausible in the case
of HCHO). For each data set and model choice, param-
eter uncertainty is estimated using standard bootstrap-
ping methods, which account for ths limited number of
animals at risk in the CIIT bioassay of HCHO.

Bootstrapping is an approach based on Monte Carlo
simulations for assessing the uncertainty in parameter
. estimations due to the inherent variability of small sam-
ples. Simulation techniques were used to generate sets
of hypothetical data from the bioassay. Each data set
consisted of four data points {i.c., values of r (the num-
ber of responders) and n (the number of animals at risk)]
corresponding to the four dose groups in the Kems er
al.’s bioassay. The simulated values of 7, wers drawn
from binomial probability functions with parameters my
(the true probability of respanse at dose d) and n, (the
number of animals at risk at dase d). Estimates of ,
were based on the observed responses in the Kems®
bioassay. Uncertainty in the parameters of the four dose~
response models of intecest is assessed -by fitting the
model to each of the key potential data sets and observ-
ing the variability in the parameter estimates. .

Our analysis relies on the tumor incidence data from
the CIIT bioassay, since it is the largest and most widely
reviewed long-term inhalation bioassay of HCHO.%4 A
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key uncertainty in evaluating the tumor incidence data
in rats is whether to count only squamous cell carcino-
mas of the nasal cavity, or whether to also count pol-

" ypoid adenomas (benign tumors) as relevant to human

carcinogenicity. The incidence of polypoid adenomas
exhibits an inverse dose-response relationship, which
has been a topic of considerable interpretative discus-
sion. Polypoid adenomas may be a precursor of ad-
énocarcinomas, a rare malignant tumor that was observed
in the high-dose groups in Kerns er al @4 Albert et
al.,®® and Sellakumar et al®® On the other hand, 2
more recent inhalation study of HCHO in rats did not
observe any polypoid adenomas or adenocarcinomas that
appeared to be related to HCHO exposure.*?

The fifth level of the probability tree has two dis-
tinct branches: one that includes polypoid adenomas in
tumor incidence counts and one that excludes them. For

purposes of probabilistic analysis, we assign 2 probabil-

ity of 0.2 to the event that polypoid adenomas are a
precursor to formaldehyde-induced adenocarcinomas
and relevant to human carcinogenicity. In the dose-
responise calculations performed in this branch of the
tree, the incidence of rats with polypoid adenomas is
added to the incidence of squamous cell carcinomas at
each dose level before dose-response modeling is per-
formed. The remaining 0.8 probability is assigned to
the event that polypoid adenomas are not related to
HCHO exposure. In this branch of the tree, only the
incidence of squamous ¢ell carcinomas are included in
dose~response modeling.

. -Since humans and rodents may not be equally sen-
sitive to equal delivered doses of HCHO, the sixth level
of the probability tree allows for three interspecies scal-
ing options. If the dose scale represents the biologically
effective dose, there is no need for interspecies adjust-
ments in pharmacokinetics. The three scaling options
reported here. are intended to represent differences in
pharmacodynamics betweea rodents and people. The most
straightforward option assumes that rodeats and peopie
are equally seasitive to the same delivered dose-of HCHO,
whatever the proper measure may be. The other options -
assume that human responses scale roughly according to
body weight to the three-quarters and two-thirds powers, -
respectively. .

~ When weights are assigned to branches in the tree,
their values are typically dependent on previous levels
of the tree. For example, probabilistic weights assigned
to each dose-response model, which are available upon
request, arc varied depending upon the assumed dose
scale and biological mechanism. For example, when the
traditional dose scale (ppm) is combined with the hy-
pothesis that formaldehyde acts exclusively through cell
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proliferation, the probit model is assigned the dominant
probabilistic weight because it captures the desired
“‘threshold-like’” behavior in the dose—response curve.
When the traditional dose scale (ppm) is combined with
the hypothesis that both cell proliferation and genotox-

icity are involved, the multistage models are assumed to

be appropriate since they allow for a low-dose linear
component that may be caused by genotoxicity. When
covalent binding is considered the proper dose scale, it
is assumed that some of the presumed nonlinearity be-
tween administered dose and tumor incidence has been
accounted for. In this situstion, more of the probabilistic
weights is assigned to the linear models. By carefully

considering the interactions of various levels of the tree,

the analyst can avoid ““dauble counting”® the same in-
formation twice at different points in the tree.

3. PRODUCING A PROBABILITY :
DISTRIBUTION ON CARCIONOGENIC
POTENCY

When computing a point estimate of the carcino-
genic potency of HCHQ, the risk assessor can report
numerous values depending upon the selection of as-
sumptions, data, and models. The tree in Fig.

1 illustrates the analyticsl ‘options available in hagard -
identification, mechanism of action, dose scaling; doge- .

response modeling, counting tumars, and inlerspeties

scaling. Implicit in the treé sre 432 estimates of HCHO'S °
poteacy (many of which are zero in ‘this'case). Whils

risk assessors could report #32 caosr estiiates fior HCHO,

risk managers would reasopgbly ask for some #tatement
about which udmatesmhlostlib!ymdlest&elyw

be correct.@

Our distributional xppmd\ combines theu pmsi-
bilities into a single probability distribution. Figure 2
reports a probability density histogram for cancer inci-
dence using EPA’s point estimate that 240,000,000 peo-
ple are exposed continuously (24 hr/day) to average
outdoor formaldehyde concentrations of 2.28 parts per
billion of air. Figure 3 is a probability distribution on
the incremental cancer risk associated with a worker in-
haling 0.75 ppm otiomddehydc fora workmg lifetime.
We used OSHA’s detarministic that a worker
breathes this level of HCHO for 8 hr per day, S days
per week, S0 weeks per yeas, for 40 years in a 70-year
lifetime. This exposure scenario corresponds to a life-
time average daily HCHO dose of approximately 0.1
ppm.

- The results reported here reflect the weighted fre-
quencies of the probability tree outcomes and the boots-
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* trap distributions of risk estimates. Note that traditional

*‘parameter uncertainty”” (arising from the limited num-
ber of animals in the HCHO animal test) has been com-
bined with ‘“model uncertainty’’ (e.g., ignorance about
shape of the dose—response curve below the experimen-
tal range) in the results reported here. In other words,
exach pathway in the probability tree has its own final
risk distribution that arises from ““its bootstrap,”” and its
ovenall density is determined by the cumulative weight
of the ‘associated pathway in the trec. Since it was as-
sumed that the current state of scientific knowledge sup-
ports some paths in the probability tree more than others,
the numerical results with stronger scientific support ex-
hibit larger probabilities, Thus, the overall probability
distribution would inform the risk manager of the rela-
tive likelihood, given the current weight of the evidence,
that incremental cancer risk is equal to various values.

4. SUMMARY STATISTICS AND COMPARISON
WITH ESTIMATES REPORTED BY EPA AND
OSHA

EPA reported an upper bound estimate that outdoor
air concentrations of fomnldehyde are associated with

+ 124 excess cancers per year, It is interesting to consider
‘where this point estimate falls in the probability distri-

butioa that we have constructed. Table [ FepOrts two scts

" of summary entistics. The first set includes various per-
“Geatiles of She distribution, with an smphasis on the per-
oentfles if e right-hand tail of the distribution. The

Mm*w&&lmumvﬂue, the mean, and
the maximom value of the distribution.
1 sddition to our majgr point, that point estimates

of mkeopcui the wide distributions reported here, sev-

eral comments are worth noting. First, EPA’s point es-
timate is considerably smaller than the maximum value
of the distribution, In this respect, one can raise ques-
tions about whether EPA’s estimate is large enough to
be considered an upper bound on the true yet unknown
risk.®” Second, the most likely (modal) value of the
distribution is. essentially zero. While EPA guxdelmes
acknowledge that true risk from low-level carcinogenic
exposures may be as low as zero, our analysis suggests
that some measures of the central tendency of the' dis-
tribution on excess zisk at 2.28 ppb are zero. While the
medhnvalueunotzero, it is very close to zero. Third,

not all values between zero and 124nrecons:demdeqmﬂy'
likely, Mest of the likelihood falls at zero or near zero.

Fourth, the mean of this distribution is far above the
median and mode because the distribution has a long
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Fig. 2. Cancer risk from ambient t?rmaldehyde. Nationwide incidence attributable to exposure.
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Fig. 3. Cancer risk from workplace formaldehyde. Lifetime risk to exposed worker.

right-hand tail. Moreover, the mean is more than twice
as large as EPA’s point estimate.

The summary statistics for the occupational expo-
sure scenario are reported in Table I, using individual
risk rather than population risk as the measure of risk.
The mean of the distribution, 4 in 1000, is larger than
OSHA's 1-in-1000 benchmark of significant risk. On the
other hand, the most likely and median values of the
distribution are zero and 4 in 100,000,000 respectively.

Note that the two point estimates reported by OSHA are
both within the probability distribution of values.
Choosing 2 single summary statistic to represent
any complex probability distribution is fraught with dan-
ger and implicit value judgments. For example, some
analysts have expressed reservations sbout reporting only
the upper bound of a risk distribution,®® while others
have questioned the wisdom of reporting only the most
likely (modal) estimate of risk.®" Even the expected-
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Table 1. Nationwide Annual Cancer Incidence Attributable to

Exposure to 2.28 PPB of Ec;maldehyde
‘Summaiy sutistics
- Percentijes

10~ - 0

28 - 0

50 - 9 x 10+

5 - 0.05

90 - 8
9422~ - 124

95 - 220

s - e
Minimum - Y
Mean - 280
Maximum -

]

Table I1. Lifetime Added Risk for 1 Worker Exposed o 0.75 pprn

of Bormaldehyds :
Percentiles :
5 - 0.
10* - 0
28 LR 0
50+ - 4 % 10~
75 = 9 x 10-¢
S0% - Cogeer
" - 9,003
99 - 0.1
Minimum - 0
Mean - 10.004
013

I

|

value of a risk distribution, which isa useful suixumry
statistic in many regulatory contexts,®® is not always an
optimal summary statistic.®¥ - L

5. STRENGTHS OF THE PROBABILISTIC
APPROACH ' - -

Current methods of cancer potency assessment have

been criticized because they censor lurge .amounts of

scientific information sad neglect key sourcss of uncer-
tainty. A major advantage of the probubilistic approach

C
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is that all of the available scientific evidence and theories
can be incorporated into the assessment of carcinogenic
potency.®¥ Moreover, partial cvidence and new biolog-
ical .theories can be considered in the distributional ap-
proach, -although their impact on the distribution of cancer .
potencies is weighted by their assessed likelihood of re-
flecting the truth, P '
As new scientific data and understanding emerge,
the probability distributions on cancer potency can be
revised to reflect the new state of evidence. ‘New evi-
dence can impact the probability distribution on potency
by changing the structure of the probability tree, the
probability weights in the tree, or both. Unlike current
methods of cancer risk assessment, which may discour-
age -scientific rescarch by placing excessive weight on
default assumptions, the. distributional approach would
provide .incentives for generating new scientific infor-
mation, since the probability distributionon cancer risk -
would presumably change in response t new informa-:
tion. ; .
The distributional approach might be criticized-on
the grounds that it relics on subjective scientific judg-
ments to provide: probabilistic weights. This is not & -
relative disadvantage because current methods of cancer
potency assessment also rely on subjective scieatific
judgments (however hidden and unstated they may be).
For example, numésous technical judgments are made
about which data sats:to usc, what scaling factors o
employ, and which dose~response models to fit. Some
of these ‘judgments are informed by risk assessment .
guidelines but scientific. judgments are necessary o de-
vise the guidelines and apply the guidelines responsibly
-‘The major analytical difference is that the probs-
bilistic approach requires scientific judgments in the fom -
of explicit, subjective probabilities. A significant body
of knowledge exists on the value of eliciting subjective -
probability distributions from scientists.® One of the
major findings is that experts tead to exhibit overcontid-
ence in. their subjective probability assessments.  Deci-
sion analysts have demonstrated that overconfidence can
be reduced (but not eliminated) through intensive prob-
ability training.®® While reliance on judgmental prob-

abilities' may understate the full degree of scientific

uncertainty, the distributional approach conveys uncer-
tainty more explicitly than does the point estimate that -
is currently in widespread use. It should ais0 be remem-
bered:that the expert judgments used with current pro-
cedures to produce & point estimate dlso suffer from
overconfidence, {n-a'way that is less transparent to read- -
ers ‘and decision-makers. S
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6. LIMITATIONS AND FUTURE DIRECTIONS

There are several conceptual and theoretical prob-
lems with the approach that we have demonstrated. While
some of these problems are quite thorny and cannot be
addressed fully here, we highlight several for the read-
er’s reflection.

First, the combination of judgmental probabumes

" about model uncertainty with parameter uncertainties -

(based on bootstrapping) may cause some concern, par-

ticularly among; scientists schooled in classical statistics.

To a strict classicist, it is meaningless to report-a prob-

ability distribution on an unknown population parameter
that can, .in reality, assume only one value. We believe .

no technical problem exists from a Bayesian perspective,
where probabilities are applied to unknowns based on
informed judgment. In future work, we intend to develop
methods of presentatxon that distinguish model from pa-
rameter uncertainties.

Second, and perhaps more troubling to some, is
the possibility that each level in the probability tree
doos not contain a collectively exhaustive set of pos-
sibilities. For example, all the possible mechanisms of
formaldehyde-induced carcinogenicity msy not have
been identified. If this is the case, the resuits we have

reported are misleading, since plausible states of the .

world have been neglected. Obviously, we have no
way of assessing mechanistic hypotheses that have not
been postulated, but they can be added to the tree as
new insights emerge.

Third, mofthalcvelsofthepmblbihqmeun'

be questioned on the grounds that they do not seem to
define ovents in the sense of mathematical probability
theory. The first level of the tree, which asks whether
formaldehyde is & human carcinogen, is perhaps most
susceptible to this criticism. Without considerable re-
finement, this level of the tres would probably not pass
a2 ““clairvoyance test,”” which is a device used by deci-
sion analysts to determine whether a probability state-
ment is well defined. A better approach, which we are
applying in current work-on chloroform, might be to
allow for the possibility of noncarcinogenicity in the in-
terspecies extrapolation level of the tree. In any event,

the risk-assessment should allow for the possibility that,
even thouah an agent causes cancer in rodents. it does.

not do 30 in people. .

A final conceptual concemn is that some definitional
questions, such as the difference between a benign and
2 malignant tumor, should not be assessed with 2 judg-
mental probability. The treatment of benign tumors is
important in this example, since the long right-hand tails
in our results reflect the inclusion of benign tumors in

Evans et al,

dose-response estimation. If benign tumors are consid-
ered simply a different health effect, then there are no
grounds for combining them with cancers in a probabi-
listic assessment (unless the utility losses of the two ef-
fects are similar). We have included them because some
scientists believe that benign tumors in rodents are rel-
evant to assessing the carcinogenic potency of formal-
dehyde in humans. In earlier work we heard this message
from a qualified panel of pathologists and cancer biol-
ogists.®” While there may be other ways to incorporate
this insight into our probabnlxty tree, we believe the ap-
proach we have taken is defensible.

In addition to these conceptual and theoretical lim-
itations, we have not fully addressed the scientific rich-
ness of the formaldehyde example. This article extends
our earlier, more sunphﬁed assessments of formalde-
hyde’s carcinogenicity,®® but still more analysis is needed
to account for the growing body of evidence on formal-
dehyde. For example, the human data on HCHO need
to be analyzed to determine whether rodent-based esti-
mates of risk are consistent with the findings of occu-
pations! epidemiology. Subtle differences in the ratand
monkey data also need to be considered. The growing
database on the role of cell proliferation in HCHO car-
cinogenicity should also be modeled more rigorously
using, for example, a biologically based model. Such
work is underway.®® And the relative importance of
endogenous. vs. exogenous sources of HCHO needs to
be explored by modelers.“? In a comprehensive assess-
ment of HCHO, sensitivity analysis of these and other

 critical issues should be reported

There are a broader set of issues that could be ad-
dressed with the probabilistic approach that we have not
explored here. In the future we intend to address ques-
tions such as hetemgeneuy in human sensitivity to can-
cer, variations in exposure, and the proper weighting of
animal and human evidence.

In ongoing work, we are beginning to perform for-
mal probability elicitations on carcinogenicity questions
with toxicologists, pathologists, cancer biologists, and
epidemiologists to demonstrate how their insights can be
incorporated into risk assessments. A project on the car-
cinogenicity of the chemical chloroform is now in prog-
ress. The project ificludes construction of a probability
tree in consultation with experts, training of experts in
probability assessment, and elicitation of subjective
probability weights relevant to the assessment of chlo-
roform’s carcinogenic potency. It is hoped that this work,
along with related work by other decision analysts, will
increase confidence in the distributional approach to car-
cinogen risk assessment. In the years shead, it should
be feasible to provide risk managers with quantitative
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indications of the probability that alternative cancer po-
tency values reflect the truth, although only break-
throughs in mechanistic science can ulnmately eliminate
the uncertainty.
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The Role of Cost-effectiveness Analysis

in Health and Medicine

Louise B. Russell, PhD; Marthe R. Gold, MD, MPH; Joanna E. Siegel, ScD; Norman Daniels, PhD;
Milton C. Weinstein, PhD; for the Panel on Cost-Effectiveness in Health and Medicine

Objective.—To develop consensus-based recommendations guiding the con-
duct of cost-sffectiveness analysis (CEA) to improve the comparability and quality
of studies. The recommendations apply to analyses intended to inform the alloca-
tion of health care resources across a broad range of conditions and interventions.
This article, first in a 3-part series, discusses how this goal affects the conduct and
use of analyses. The remaining articles will outiine methodologioal and reporting
recommendations, r

Participants.—The Panel on Cost-Effectiveness in Health and Medicine, a
nonfederal panel with expertise in CEA, clinical medicine, ethics, and health out-
comes measurement, was convened by the US Public Health Service (PHS).

Evidence.—The panel reviewed the theoretical foundations of CEA, curmrent
practices, and altemative procedures for measuring and assignlng values to
resource use and health outcomes.

Consensus Process.—The panel met 11 times during 214 years with PHS staff
and methodologists from federal agencies. Working groups brought issues and pre-
liminary recommendations to the full panel for discussion. Draft recommendations
were circulated to outside experts and the federal agencles prior to finalization.

Conclusions.~—The panel's recommendations define a “reference case” cost-
effectiveness analysis, a standard set of methods to serve as & point of compari-
son across studies. The reference case analysis is conducted from the societal
perspective and accounts for benefits, harms, and costs to all parties. Although CEA
does not reflect every element of importance in health care decisions, the informa-
honhprovidesnsoﬂﬁcaltolnfonningdedsmsabommeaﬂocabonof health care

resources.
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budgets in the health care sector would
seem to create the perfect climate for
cost-effectiveness analysis (CEA). Cost-
effectiveness analysis is & method for
evaluating the health outcomes and re-
source costs of health interventions. Its
central function is to show the relative
value of alternative interventions for im-
proving health. Analyses provide infor-
mation that can help decision makers in

a variety of settings weigh alternatives
and decide which best serve their pro-
grammatic needs. Yet CEA is rarely
used to inform decigions about health -
services in the United States. ‘

The case of Oregon illustrates the
problems that arise when policymakers
attempt to use CEA. Faced with pro-
viding medical care to its low-income
population within the constraints of its
Medicaid budget, the Oregon Health Ser-
vices Commission initially tried to set
priorities for covered services using
CEA. In 1990 to 1991, the commission
generated a list of “condition-treatment”
pairs ordered by their cost-effectiveness
ratios. The list was withdrawn after pub-
lic criticism of its counterintuitive rank-
ing of some interventions.

For editorial comment see p 1180.

Oregon's effort provoked criticism at
the time and has continued to be the
subject of debate about the role of CEA. ™
Somne have observed that cost-effective-
ness ratios do not adequately reflect im-
portant issues, such as distributive jus-
tice and competing values outside of
health. The commission subsequently
adopted a process that included cost-
effectiveness as 1 of 18 factors on which
the ranking of services was based, in-
cluding equity, “benefits many,” and com-
munity compassion. The role of CEA was
to supplement these qualitative factors
by providing standardized, quantitative
estimates of the likely cost per unit of
health benefit for each intervention.

But, CEA presents problems even in
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this more limited role. The method can
be difficult to follow, and results are
often presented in & way that impedes
rather than facilitates understanding.
Studies vary widely in the health effects
and costs included and in the way these
are valued and combined, so that stud-
jes of the same intervention can produce
very different cost-effectiveness ratios;
potential users may be confused and sus-
picious that CEA can be manipulated to
support almost any conclusion.* Finally,
although the CEA literature has grown
enormously in recent years?® many in-
terventions have not been evaluated.

In 1998, the US Public Health Service
(PHS) convened the Panel on Cost-Ef-
fectiveness in Health and Medicine to
address these problems. The panel, a
nonfederal group of 18 scientists and
scholars with expertise in CEA, clinical
medicine, ethies, and health outcomes
mesasurement, met 11 times during 2%
years to review the state of the field and
develop recommendations to improve
the quality and comparability of stud-
ies. Comparability is essential if CEA is
to help decigion makers evaluate trade-
offs and choose among alternatives. The
panel was charged with developing rec-
ommendations that would provide a
framework for consistent practice across
conditions and interventions—preven-
tive, therapeutic, rehabilitative, and pub-
lic health.

The panel’s focus on policy decisions
and resource allocation at a broad level
reflected the increasing attention di-
rected to CEA by federal health agen-
cies. The Centers for Disease Control
and Prevention, in addition to their own
studies, have deweloped courses and
guides to train staff and are working
with states interested in CEA. The Na-
tional Institutes of Health are collecting
cost data in addition to outcome data in
afew trials. The Agency for Health Care
Policy and Research has begun to use
CEAs in developing practice guidelines
and in the technology assessments it
conducts for the Health Care Financing
Administration. The Food and Drug Ad-
ministration has been involved in an in-
tense review of its regulatory role with
respect to the marketing of drugs on the
basis of cost-effectiveness claims.

In a survey conducted before the first
meeting, panel members identified meth-
odologieally challenging or contentious
areas: the fundamental foundation for
CEA; how best to frame an analysis (plan
the approach to the analyzis and outline
the study’s main elements); the perspec-
tive of an analysis; types of costs and
data sources for costs; measuring and
valuing outcomes; components of cost-
effectivenese ratios (what should go in
the numerator and the denominator); time
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frame for analysis; discounting; ethical
issues, especially distributive implica-
tions; appropriate comparator programs;
statistical issues; and the overriding
issue of standardization of methods.

The panel organized itselfinto 9 work-
ing groups: the role of CEA; theoretical
foundations; the framing of analyses;
measuring effectiveness; valuing health
outcomes; measuring costs; discounting;
evaluating uncertainty; and reporting.
At meetings, which included PHS staff
and representatives of other federal
agencies, the working groups developed
issues for panel discussion. Panel mem-
bers and staff then drafted chapters on
each subject, outlining areas of agree-
ment and disagreement and proposing
recommendations. Recommendations
were debated until consensus was
reached, or, in & few cases, until it was
apparent it would not be. Chapters were
revised to set out the arguments sup-
porting (or preventing) a consensus-
based recommendation. Throughout the
process, experts from federal agencies
and the academic community critically
reviewed and helped shape the work.

This article is the first of 3 that sum-
marize the panel's discussions and rec-
ommendations, which are presented
more completely in its full report.’ Here
we introduce the reference case, the pan-
el's proposed mechanism for improving
comparability. The panel's work is aimed
at both analysts and users of CEAs. For
analysts, the recommendations describe
why comparability is important and how
to achieve it. For users, they offer a
guide to the evaluation and use of CEAs
and should ultiniately make CEA easier
to use and more useful.

THE REFERENCE CASE

Cost-effectiveness analysis is a method
for evaluating the outcomes and costs of
interventions designed to improve health.
The results are usually summarized in
cost-effectiveness ratios that demon-
strate the cost of achieving a unit of health
effect (eg, the cost per year of life gained)
for diverse types of patients and for varia-
tions of the intervention. In a cost-effec-
tiveness ratio, changes in health due to
an intervention, compared with a spe-
cific alternative, are captured in the de-
nominator; and changes in resource use,
compared with the same alternative and
valued in monetary terms, are captured
in the numerator.

It is common practice to define & base
case that incorporates data and meth-
ods the analyst thinks best represent
the interventions and choices under con-
sideration. The analyst then conducts a
series of sensitivity analyses using dif-
ferent data or methods to test the ro-
bustness of the results. Base-case re-

sults and selected sensitivity analyses
are presented. Within a given study,
alternatives must be analyzed in com-
parable fashion so that the cost-effec-
tiveness ratios reflect true differences
in coste and health effects.

No single study can provide all the
information needed to compare health
services across a broad range of condi-
tions and interventions. But, if individual
studies adhered to a common standard,
they could collectively provide the nec-
essary results and do so more efficiently
than a comprehensive analysis under-
taken specifically for the purpose. Thus,
comparability across studies is crucial
for evaluating the broad allocation of
health care resources.

To promote comparability of CEAs
while leaving analysts free to address

" issues specific to a particular problem,

the panel proposes that studies include,
either as the base case or in addition to
it, a reference case. The reference case
is defined by a standard set of methods
and assumptions. It includes a set of
standard results: the reference case re-
sults. While an investigator might also
present results based on different meth-
ods and assumptions to serve the other
purposes of the analysis, the reference
case serves as & point of comparison
across studies. It should be included
whenever the CEA is intended to con-
tribute to decisions about the broad al-
location of health care resources. °

To build the reference case on a solid
foundation, the panel reviewed the
theoretical roots and practical applica-
tions of CEA. The goal was to develop
complete, consistent, and theoretically
grounded recommendations that were
sufficiently tractable and detailed to
provide practical guidance for analysts.
The second and third articles in this
series summarize the recommendations
that define the reference case and the
reasoning behind them.!2

Use of the reference case would ad-
dress the problems with CEA in 8 ways.
First, by setting standards for the costs
and health effects that should be included
and the ways in which they should be
valued, the reference case offers ans-
lysts and users & benchmark that allows
them to evaluate the quality of a atudy
and determine whether its results can
be compared with other studies. Sec-
ond, the reference case includes recomn-
mendations for reporting results, de-
seribed in the third article in this series,
designed to make it easier for users to
see what was done and how the results
compare with those of other studies.
Third, as ansalysts begin to include the
reference case in their results, they will
contribute to a growing pool of studies
that can be compared.
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The need to standardize CEA has been
recognized for at least a decade,’*! but
the resources to tackle this difficult task
with sufficient time to work through the
issues and develop appropriate recom-
mendations had not previously been
available in the United States. Earlier
attempts at standards were very gen-

- eral, apparently in the belief that 1 set
of standards could serve all analyses.
The panel recognized that recommen-
dations must be tailored to the kind of
decision analyses are intended to inform;
as noted, it focused on decisions that
involve evaluating a broad range of in-
terventions that can apply to widely dif-
ferent kinds of peopie and conditions.
The panel’s recommendations for the ref-
erence case are much more comprehen-
sive and detailed than previous efforts
in order to provide guidance on all is-
sues that determine comparability acroas
studies. Founded on state-of-the-art
thinking in the field, they represent a
reasonable consensus that can move the
field forward.

PERSPECTIVE

When health maintensnce organiza-
tions (HMOs) or government programs
evaluate an intervention, they consider
the costs they will experience in provid-
mgorpaymgforzt.Costsmcmredby
patients or others, such as for outpatient
medication or home care after hospital
discharge, may be irrelevant from their
perspective. They may also disregard some
outcomes. For example, it may matter little
to the HMO or government program
how soon patients return to work after
an iliness, although it may matter a great
deal to individuals, their employers, or the
government agency responsible for dis-
ability payments.

While the use ofa particular perspec-
tive (eg, HMO, employer, government
program, or individual) is appropriate for
informing decisions from that perspec-
tive, studies based on different
tives are not comparable. The’
tive for the reference case is of
importance because it reflects the type
of decisions the analysis is intended to in-
form and determines which costs and
health effects go in the cost-effective-
ness ratio and how the costs and effects
are valued. To serve the goal of facilitat-
ing comparisons across interventions and
patient groupe, the panel recommends the

societal for the reference case.

Ina CEA conducted from the societal
perspective, the analyst considers ev-
eryone affected by the intervention, and
all health effects and costs that flow from
it are counted, regardless of who would
experience them. Health effects include
both benefits and harms, even when
these occur in people who are not the
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intended recipients of the intervention.
Resource costs include all resources
used, whether or not money changes
hands. Using CEA to inform allocation
of health resources accepts. the exist-
ence of & limit on health spending; when
the societal perspective is adopted, the
analysis acknowledges the value of com-
peting uses for society’s resources.

Programs to reduce the incidence of
neural tube defects by increasing the
folic acid intake of pregnant women dem-
onstrate the breadth of the societal per-
spective. Adding folic acid to cereal
grains would allow the improvement of
women’s nutritional status without ef-
fort and would be helpful for those with
inadequate access to medical care and,
thus, to counseling about nutrition. Ev-
eryone who buys cereal-grain products
pays the cost. But fortification puts older
people at risk because it masks perni-
cious anemig, which, untreated, can cause
neurological problems. A CEA con-
ducted from the societal perspective
would include the harms to the elderly
as well as the benefits to infants and all
related costs.

Because the societal ive in-
cludes all costs and health effects, it does
not necessarily show employers, HMOs,
insurers, government programs, or in-
dividuals exactly what they want to
know to make choices best.suited to their
interests. An analysis might suggest
that, from the societal viewpoint, it
would be better to cover exercise pro-
grams for older people than coronary
artery bypass surgery for risk groups
for which effectiveness of bypass sur-
gery is very low and cost per year of life
gained very high. If individuals in those
risk groups and their clinicians were to
evaluate the same interventions strietly
from the patients’ perspective, they
would count only costs patients would
pay out-of-pocket, ignoring substantial
sums paid by insurers or public pro-
grams. Bypass surgery might appear
desirable from this perspective even if
its benefits were exceedingly small.

The societal perspective represents
the public interest rather than that of
any group. It is compatible with the tra-
ditional principle that decisions affect-
ing people with differing interests are
more likely to be fair if they are made by
those who will not gain or lose from
them. Many philosophers, operating
from diverse perspectives, have sug-
gested a thought experiment to show
why individuals and groups might ac-
cept the societal perspective even when
it does not perfectly represent their in-
terests. The experiment is to imagine
that we are viewing the world before
our birth (ex ante) and to ask what type
of world we would like it to be.”™ From

that vantage point, we would not yet
know which health problems we would
experience, only that there was some
possibility that we might develop any of
them, and we might well then prefer a
system in which decisions about health
interventions reflected the seriousness
of the condition and the ability of alter-
native interventions to improve it with-
out reference to individuals, budgets, or
special interests. We would not wish to
have any health problem neglected en-
tirely because that neglect would affect
us if we developed the problem. And we
would want areas other than health care
to receive resources so that our other
needs and aspirations could be met. The
panel’s choice of the societal perspec-
tive is based on this ethical framework.

The societal perspective is also a prag-
matic choice, exactly because it does not
represent the viewpoint of any particu-
lar group. Instead, it provides a bench-
mark against which to assess results
from other perspectives. Only the soci-
etal perspective never counts as a gain
what is another party's loss. If an em-
ployer adopts an intervention that re-
duces the employer’s health insurance
costs but increases costs for Medicare,
or if a public health intervention im-
proves the health of 1 group but causes
unwanted side effects for another, the
societal perspective includes both
changes. No perspective has a stronger
claim to be the basis for comparability
across studies.

EXAMPLE OF IMPLICATIONS
OF THE SOCIETAL PERSPECTIVE:
VALUING HEALTH EFFECTS

For the reference case, the measure
of health effect must be comparable
across interventions and conditions and
capable of capturing the impact of in-
terventions with different effects. Life-
years gained, often used in CEA= done
from the societal perspective, are an im-
portant metric, but give little credit to
interventions that primarily improve
quality of life (eg, cataract surgery)and
fail to account for adverse effects. Qver
the past 2 decades, investigators have
developed measurement strategies that
permit calculation of the health-related
quality of fife (HRQL) associated with
conditions or interventions. These HRQL
measures classify people into health
states defined on a continuum, from least
desirable to most desirable, in terms of
some or all of the following: physical fune-
tion, psychological function, social role
function, perceptions of health, and symp-
toms. A number of these measurement
systems are preference based and eap-
ture peaple’s values for states of health.
In general, health states are scaled from
0 (dead) to 1 (optimal health); however,

Cost-effectiveness in Health and Medicine—Russell et al



states worse than death can be ac-
" counted for by assigning them negative
scores.™

Some methods for collecting prefer-
ences involve asking patients or mem-
bers of the public to locate their pref-
erences for health states directly on the
0 to 1 continuum using techniques such
as standard gamble, time trade-off, and
category rating.®*" Another approach
measures preferences indirectly, rely-
ing on health classification systems such
as the Health Utilities Index,® the Qual-

"ity of Well-Being Scale,® or the Eu-
roQol® that include premessured pref-
erences for defined health states. These
premeasured values come in part from
direct measurement of some preferences
(using standard gamble, time trade-off,
or category rating) and in part from ap-
plication to those preferences of multi-
attribute utility theory® or statistical
inference® to fill in values not measured
directly. In health classification systems,
premeasured values are based on re-
sults of community surveys.

Although assessments of criterion va-
lidity, where one measure is considered
the gold standard against which all oth-
ers are judged, are impossible since, by
definition, there is no set of preferences
that is correct for all people, many of
these methods have shown good reli-
ability and sensitivity to changes in elini-
cal conditions, and convergent validity
between methods.®*® These techniques
are reviewed in the panel’s report.!®

A preference-based system accom-
plishes 2 important tasks for CEA. First,
it makes it possible to combine length of
time health states are experienced with
quality of that time técreate & summary
measure: quality-adjusted life-years
(QALYSs), Quality-adjusted life-years pro-
vide a common metric for recording ef-
feets of different interventions.F8% Sae-

ond, since the purpose of investing in

health is to make people better-off, it
seemns appropriate to let them be the judge
of what constitutes better or worse out-
comes and of the relative magnitudes of
health effects. The welfare economic foun-
dations of CEA, which assign primacy to
individual preferences, are compatible
with this view. .

Forthese and other reasons described
inits full report, the panel recommended
QALYs as the measure of health effect
for the reference case. Given this deci-
sion, a difficult issue arises: whose pref-
erences should be used for the reference
case?

The choice is between patient pref-
erences and those of a representative
community sample. Patient preferences
are values that people experiencing a
condition assign to their own health.
Community preferences are values as-
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signed by representatives of the gen-
eral population, which contains people
with disabilities or chronic illnesses in
proportion to the prevalence of their
condition. While some studies support
the idea that both groups assign similar
values to the same states, ®*%! others
suggest that people experiencing a con-
dition attach higher values to the asso-
ciated health states. %4 Analysts have
used patient® as well as community pref-
erences™® to calculate QALYs for use
in CEAs, but to date there are no stud-
ies comparing the impact of using one or
the other in the same analysis.

Many investigators use patient pref-
erences because they believe that people
experiencing the health states have the
most accurate appreciation of their con-
ditions, that it is ethically appropriate
to solicit information from those directly
affected when evaluating interventions
for a condition, and that community pref-
erences discriminate against people who
are disabled or ill. In a CEA designed to
allow individualization in the choice be-
tween 2 medications for a particular ill-
ness such as arthritis, where subtle side
effects might be important to capture,
patient preferences are appropriate, For
the reference case, however, a logical
extension of the societal perspective and
the ex ante position embedded within it
is that the best articulation of society’s
preferences comes from a representa-
tive community sample.

However, aware of the issues of dis-
crimination raised by Oregon’s use of
community preferences,® the panel care-
fully examined the implications of en-
dorsing community preferences for ref-
erence case analyses because of the
possibility that those with disabilities or
chronic illnesses assign higher scores to
their health states. ,

Consider an intervention that can be
used for many people, some of whom
may have disabilities—suppose coronary
artery bypass graft surgery is targeted
to everyone with ischemic chest pain—
and suppose that persons who are
paraplegic score a health state that in-
cludes wheelchair-dependent mobility
higher than does the general public. To
calculate QAL Ys using community pref-
erences, an investigator would use the
scores for states with and without chest
pain assigned by a representative sam-
ple of the community. All who undergo
coronary artery bypass graft surgery,
including paraplegic persons, will be
credited with this gain. Thus, the cost-
effectiveness of interventions directed
at conditions unrelated to the disability
would be the same for the disabled and
the general population, as long as sub-
groups defined according to comorbidi-
ties are not analyzed separately.

Subgroups are, however, often ana-
lyzed separately when the evidence
about health outecomes or cost suggest
significant differences. Using commu-
nity weights for outcomes in these cases
might assign fewer QALYs to a sub-
group than if the subgroup’s own pref-
erences were used. The panel recom-
mended that when there are important
differences in preferences among sub-
groups, analysts should conduct sensi-
tivity analyses to show the impact of
differences. .

When cost-effectiveness of treatment
to cure or prevent paraplegia is evalu-
ated, community preferences will always
yield as many QALYs, or more, than
calculations based on patient prefer-
ences. If a state with limited mobility is
rated lower by the general public than
by persons in that state, more QALYs
are gained by relieving it, and the cost-
effectiveness ratio for the intervention
is more favorable. However, for the oc-
casional case of a lifesaving intervention
aimed specifically at the disabled or ill,
use of community preferences when
preferences differ assigns fewer QALYs
to the intervention than would use of
patient preferences; this is because the
difference between the community’s
value for the state and 0 (death) is less
than the difference for the group itself.

In the great majority of instances, the’

panel found that use of community pref-
erences in the reference case would not
discriminate against the disabled. Where
it might, the panel recommended sen-
sitivity analyses be used to explore the
influence of community vs patient pref-
erences on the cost-effectiveness ratio,
to let decision makers know whether
that influence was significant. As noted,
the ex ante position provides compelling
theoretical réasons for using community
preferences in an analysis done from the
societal perspective. Also, although per-
sons with disability and fllness may ad-
just successfully to their conditions, a
more compelling goal from the societal
perspective is to avoid disability and
promote full function in all domains of
health. Finally, from a practical stand-
point, standardizing practice requires
that the source of preferences be con-
sistent. For all these reasons, the panel
endorsed the community as the source
of preferences for the reference case.

It bears repeating here that refer-
ence case analyses are intended to in-
form decisions at the level of broad re-
source allocation and may provide little
guidance about optimal bedside man-
agement of individuals. There the pref-
erences and conditions of individual
patients may point to decisions differ-
ent from those supported by a refer-
ence case CEA.
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CEA AS AN AID
TO DECISION MAKING

Choices involve ethical issues, and the
choices made in defining the reference
case express certain ethical points of
view. By counting all costs and health
effects, the societal perspective reflects
the public interest, not the interest of
any group in society. Using the prefer-
ences of a community sample to value
health states incorporates community
values into the decision-making process.
Other choices with ethical implications,
such as the discount rate or use of wages
to value people's time, are discussed in
the second article. The panel recognized
these implications and that some issues
are left unresolved by these choices and
by the methods available to implement
them.

Quality-adjusted life-years provide an-
other noteworthy example. Summing
them involves the assumption that all
QALYs are equal, no matter who gains
them or when during the life span. This
implies that it makes no difference
whether QAL Ys benefit people in good
or poor health and that 2 therapies that
produce equal numbers of QAL Ys—one
perhaps in the form of small benefits for
many people, the other in the form of
large benefits for a few—are equal in
value. Intuition and research suggest that
deviations from this assumption can be
important.## Decision makers (and the
general public) might wish to.give pref-
erence to those in poor health, because of
their greater need, or to the intervention
that provides large benefits for a few,
exactly becayse it made such a large dif-
ference for those few. Thus, although

QALYs have the advantage that they.’

count changes in quality as well as quan-
tity of life, they,do not as currently de-
fined, and perhaps never can, perfectly
reflect everything about health that mat-
ters to people.

Values outside of health care, which
often influence choices about health ser-
vices, cannot be quantified in CEA. As
an example, individuals’ right to privacy
has blocked compulsory testing for the
human immunodeficiency virus except
in special situations like the military,
although diagnosie and treatment can
be delayed. v

Some nonhealth benefits or harms
could be captured by cost-benefit analy-
sis (CBA), which values all effects in
monetary terms. The panel accepted the
majority view in the heslth care sector
that monetizing health introduces ethi-
cal issues avoided by use of health-gpe-
cific measures. However, in its full re-
port, the panel built bridges to CBA and
acknowledged that opportunities to com-
pare interventions can be lost by rely-
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ing solely on CEA. It noted that CBA,
CEA, and cost-consequence analysis (in
which costs and effects are calculated,
but not aggregated into QAL Ys or cost-
effectiveness ratios) are complementary
forms of analysis; the use of one does not
preclude the use of others in a study.

No method of making decisions about

health care resources allocation provides
a complete procedure for resolving ethi-
cal issues. Whether decision makers use
criteria like medical necessity, expected
benefit, standards of evidence, CEA, or
CBA, the issues of fairness, feasibility,
and values are not completely captured
by the analysis and must be weighed
against factors that are. A CEA, how-
ever, offers more complete information
than these other methods about the size
and composition of health effects and
costs, :
That CEA does not refiect all trade-
offs of potential relevance has implica-
tions for how it should be used in deci-
sion making. The methodology of CEA
is constructed to serve a straightfor-
ward goal: to identify interventions that
produce the most health with the re-
sources available. In the textbook ex-
planation of the method, once cost-ef-
fectiveness ratios have been computed
using a comparable method, the deci-
gion maker ranks interventions fromlow-
est to highest cost per QALY and, start-
ing with the lowest cost-effectiveness
ratio, selects interventions in order un-
til the budget has been spent. The cho-
sen interventions produce the greatest
number of QALYs possible with that
budget.

But real-world decisions must balance
health against other goals—fair access
to services, help for those worst off, and
values outside health affected by health
decisions. Thus, it is seldom appropriate
to apply CEA mechanically. The panel
recommended that CEA be used as an
aid to decision makers who must weigh
the information it provides in the con-
text of these other values.

The best CE As available suggest that
the current allocation of health care re-
sources falls well short of producing the

most health possible.®*! Some interven- .

tions are applied extensively, in ways
that produce little health for large ex-
penditures, while other interventions do
not receive enough resources. Use of
CEA in the decision-making process
could contribute to improvements in the
effective use of resources.

To gllow decision makers to evaluate
trade-offs carefully, CEAs should pre-
sent not only cost-effectiveness ratios,
but also background information about
the elements that make up costs and
effects: kinds and magnitudes of costs,
who ig heiped or harmed, and how much

they are affected. The detailed informa-
tion can help decision makers evaluate
the trade-offs between those elements
of the decision that are well captured by
CEA and those that are not.

Comparability is the foundation on
which the usefulness of a method for
choosing among alternatives must be
built. Differences in cost-effectiveness
should reflect true differences among
interventions, not unnecessary differ-
ences in method. The panel achieved
consensus on a detailed set of recom-
mendations designed to promote com-
parability of CEAs. We believe these
recommendations can do much to over-
come problems that have interfered with
past use of CEA.
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Recommendations for Reporting

Cost-effectiveness Analyses

Joanna E. Siegel, ScD; Miiton C. Weinstein, PhD; Louise B. Russell, PhD; Marthe R. Gold, MD, MPH;
for the Pane! on Cost-Effectiveness in Health and Medicine

Objective.—This article, the third in a 3-part series, describes recommendations
for the reporting of cost-effective analyses (CEAs) intended to improve the quality
and accessibility of CEA reports.

Participants.—The Panel on Cost-Effectiveness in Health and Medicine, a
nonfederal panel with expertise in CEA, clinical medicine, ethics, and health out-
comes measurement, convened by the US Public Health Service,

Evidence.~—~The pane! reviewed the theoretical foundations of CEA, current
practices, altemative methods, published critiques of CEAs, and criticisms of gen-
eral CEA methods and reporting practices.

Consensus Process.—The panel deveioped recommendations through 2%
years of discussions. Comments on preliminary drafts were solicited from federal
government methodologists, health agency officials, and academic methodolo-
gists.

Conclusions.—These recommendations are proposed to enhance the trans-
parency of study methods, assist analysts in providing complete information, and
facilitate the presentation of comparable cost-effectiveness ‘results across studies.
Adherence to reporting conventions and attention to providing information required
to understand and interpret study results will improve the relevance and accessi-

bility of CEAs.

DECISION MAKERS who use cost-
effectiveness analyses (CEAs) to inform
decisions for a range of interventions
may consult multiple studies. Standard-
ization of methods is essential for valid
comparisons of cost-effectiveness (C/E)
ratios. As described,'? the Panel on Cost-
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Effectiveness in Health and Medicine
was convened to recommend standards
for CEA. To serve as the point of com-
parison across studies, a standard set of
assumptions and practices referred to
as the reference case was developed by
the panel.

For optimal use, CEA results must
also be reported in a standard way. Dif-
ferences among reports complicate us-
ers’ ability to find, interpret, and adapt
information. Studies of published CEAs

‘have found widespread inadequate re-

porting.*® Previous direction on report-
ing has been too general to provide ad-
equate guidance,™" and recent guidelines
targeting subsets of CEAs are not in-
tended for the majority of analyses.'>!
Our recommendations for standard re-
porting of reference case analyses are
presented herein.

THE REFERENCE CASE ANALYSIS
AND THE JOURNAL REPORT

Reports of cost-effectiveness should
allow determination of whether the re-
sults can be juxtaposed with those of
other CEAs. Elements to include in a
journal report are discussed below and
summarized in the checklist (Table).

Framework of the CEA

The reporting of study framework ex-
plains the motivation for the research,
including research objectives, and out-
lines the study design.? An explicit state-
ment of the analysis perspective, which,
for the reference case will be societal, is
essential. The quality and appropriate-
ness of the resuits depend on whether
costs and outcomes are derived consis-
tently from the stated viewpoint, yet
many studies (75%-82%) fail to identify
perspective.*®

To assess an intervention’s impact,
CEA describes and contrasts costs and
outcomes of a course of events expected
to occur with the intervention and costs
and outcomes of a comparator course of
events without the intervention. Pro-
gram elements of interventions and com-
parators that will define the analysis
should be outlined, such as site, target
population, and frequency of an inter-
vention. Descriptors of the target popu-
lation may include demographic, socio-
economic, behavioral, and clinical
characteristics.

Analysis boundaries should be de-
scribed, explaining the extent to which
relevant benefits and harms are included.
For example, does an analysis of a smok-
ing-cessation program for pregnant
women include effects on eventual health
and health care utilization of the fetus?
On that of siblings? The time frame
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Checkiist for Reporting the Reference Case Cost-
eoffectiveness Anatysis*
]

Framework
Background of the problem
General framing and design of the analysis
Target population for intervention

Statement of tha perspective of the analysis

Data snd Methods
Description of event pathway
identification of oulcomes of interest in analysis
Description of model used
Modolhg-ssumﬂom

Soﬂwun usod

Complete descripion of estimates of effectiveness,
resource use, unit costs, health states, and
quality-of-ife weights and their sources

Methods lor obtaining estimates of effectiveness,
costs, and preferences

Critique of data quality

Statement of year of costs

Statement of method used o adust costs for
inflation

Statement of type of currency

Source and methods for obtaining expert judgment

Statement of discount rates

Graphied representation of ooot-oﬂodm-s
Aqgnouh cost and sflectiveness information
Disagorega

*Maodiified from Gold et al.?

should be indicated and, for the refer-
ence case, should be long enough to cap-
ture all significant benefits, harms, and
costs.

Data and Methods Section

A description of the event pathway,
which details progression of the disease,
events associated with the intervention,
and disease- and treatment-related
events followmg intervention, provides
a useful overview. Typically, CEAs rely
on a model that may be used to inte-
grate secondary data, extend an analy-
sis beyond primary data, or define a pat-
tern from data. The models used should
be described, including supporting as-
sumptions.

Details about estimates of effective-
ness, costs, and preference weights in
the analysis should be provided. A re-
view of CEAs using clinical trial data
found that few contained enough infor-

1340 JAMA, October 23/30, 1996—Vol 276, No. 16

mation concerning trials to form an opin-
ion about their adequacy,® eg, only about
a third reported participation and drop

out rates, comparability of treatment -

and nontreatment groups, and whether
the analysis was based on results from
those entering or completing the trial,

The health states used for valuing
health-related quality of life should be
identified, listing the states if a pub-
lished system (eg, Health Utilities In-
dex) is not used. The population from
which preference weights were obtained
and the method for eliciting weights (eg,
time trade-off, rating scale) should be
identified. For cost data, method for in-
flation adjustment, type of currency, and
year of costs should be indicated. Sources
of data on health care utilization (physi-
cal units) and unit costs, and methods
for measuring and valuing time costs
are also important.

Controversies associated with data
used in the analysis should be discussed,
including disputes regarding effective-

-ness or published discrepancies in esti-

mates of cost, effectiveness, or health
outcomes. Related assumptions in the
analysis should be justified.

The methods section should also in-
dicate the discount rate used for costs
and health effects and describe sensi-
tivity analyses performed.

The Results Section

If a simulation model has been used,
validation tests of the model are gener-
ally reported first. These tests demon-
strate that the model produces verifiable
information, increasing confidence in re-
sults that are not directly verifiable.

The results of the CEA follow, in-
cluding results of the base-case analy-
sis—the analysis using the data and
methods the analyst thinks best char-
acterize the choices under consider-
ation—and sensitivity analyses. If the
primary purpose of the analysis is to
inform broad resource allocation deci-
sions, the base case will be the reference
case analysis.! If serving a different pur-
pose, the analysis should report refer-
ence case results in addition to those of
the base case. Reference case results
should be clearly identified.

A basic set of reference case results
includes the following: total costs and
effectiveness, incremental costs and ef-
fectiveness, and incremental cost-effec-
tiveness (C/E) ratios, with discount rates
of 3% (reference case) and 5%, the latter
for comparison with past analyses. The
totals give a sense of the magnitudes of
cost and effect. Providing intermediate

steps (incremental costs and effects) al-.

lows verification of methods. Undis-
counted results are also often of interest
and should be reported. Presentation of

results in tables facilitates identification
of findings.

The basie results should be supported
by discussion and analytical detail on com-
ponents of costs and effects. We empha-

size that CEA is an aid to decision mak-

mgratherthanadeumon—nnlnngprocess,
information about components can be im-
portant in decisions. The reference case
outcome measure is quality-adjusted life-
years (QALYs), but reporting number of
life-years gained (unadjusted for quality
of life) in addition is usually warranted, as
it distinguishes lifesaving from quality-
enhancing effects and allows consideration
of alternative quality-of-life schemes. The
benefits, harms, and costs to different
groups should be presented for evalua-
tion of distributive issues.

Of note, C/E ratios described in the
basic results are incremental, compar-
ing each intervention with the next most
effective option. Average ratios, caleu-
lated as a program’s cost divided by its
effectiveness, do not reflect availability
of options with intermediate cost and
effectiveness. That incremental ratios
provide the appropriate measure of cost-
effectiveness is not controversial. !
Nonetheless, many studies present only
average results.*

Cost-effectiveness ratios should not
appear for options less effective but more
costly than an alternative (dominated)
or for those less effective but more costly
than some combination of 2 other op-
tions (dominated by extended domi-
nance).!™¢ By excluding these options,
C/E ratios for efficient program options
can be correctly determined. However,
dominated programs can be viable policy
options even though not efficient; total
costs and effectiveness can be used to
calculate C/E ratios for dominated op-
tions when needed.

Key sensitivity analyses, which test
alternative data and assumptions, should
follow the results, providing an indica-
tion of their stability. These include tests
on important components of costs, and
outcome probabilities and values, as well
as models used. Discount rates of 3%
and 5% will have'been reported, but
additional sensitivity analysis of the dis-
count rate may be conducted if the C/E
ratio is likely to be sensitive to the rate
used. If future health care costs of un-
related diseases are relevant, the effect
of sensitivity analysis on them should be
described.

Reporting of sensitivity analyses to
illuminate important distributive issues
is recommended whether or not their
results affect the C/E ratio. For example,
if distinet subgroup preferences are iden-
tified, if health-related quality of life is
influenced by age, gender, or race, or if
alternative methods of valuing time
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would substantially influence time cost
estimates, sensitivity analyses should
be reported.

The Discussion Section

Quantitative resuits should be trans-
lated into a qualitative description of cost-
effectiveness in the discussion section and
placed in the context of the concerns mo-
tivating the analysis. Robustness of re-
sults, reflected in a summary of sensitiv-
ity analyses, should be described.

A discussion of study limitations is es-
sential, assisting readers in determining
the generalizability of results, likelihood
of errors, and possible bias. For example,
data on intervention effectiveness might
disproportionately reflect studies of men.
Results should be compared with those
from other studies of the intervention to
determine consistency of findings and with
studies of related interventions to permit
comparisons among alternative resource
uses. A global set of options for address-
ing a problem should be discussed. Thus,
a coronary bypass CEA should review
cost-effectiveness of angioplasty and
medical therapy, but diet modification and
smoking cessation are also relevant.

Distributive implications may be of cru-
cial importance to decision makers and
may involve costs or savings from imple-
menting an intervention, the distribution
of health effects, or both. For example,
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The Value of Improved National Exposure Information for
Perchloroethylene (Perc): A Case Study for Dry Cleaners

Kimberly M. Thompson' and John S. Evans' —
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Opportunities to improve our information about risk continue to arise and Jead decision makers to
indirectly address the issue of the value of improved information through resource allocation de-
cisions. Statistical decision analysis techniques providt an analytical framework for valuing infor-
mation explicitly in the context of regulatory decision making. This paper provides estimates the
value of improved national estimates of perchloroethylene (perc) exposure from U.S. dry cleaners
in the context of EPA’s recently promulgated National Emissions Standard for Hazardous Air
Pollutants (NESHAP) with emphasis on exposure information. Consistent with the NESHAP de-
cision, we relied on EPA's technology and economic assessments. In this first cut analysis, esti-
matesofmeexpomofworken,conmeuofdrycluningmvieu,mdmegenenlpublicm
probabilistically characterized to refiect uncertainty about exposure and potency. We consider the
net benefits of the different control options by assessing the associated changes in the total annual
popuhﬁonﬁ:bmdwluingthaninmommrytemu.wﬁthnocmsminuplwedonmximum
individual risks. The results suggest that the expected value of perfect information (EVPI) about
potency exceeds the EVPI about exposure. Sensitivity analyses demonstrate how the choices of
the valuation parameters and distributions used to characterize uncertainty in the model affect the
estimates of the value of information. '

KEY WORDS: Perchloroethylene; dry cleaning; uncertainty; value of information; decision analysis.

sion analysis techniques in the context of EPA’s recently
promulgated National Emissions Standard for Hazardous
Air Pollutants (NESHAP) with emphasis on exposure
information.® We selected perchloroethylene (perc) for
this case study because it was one of the 12 substances
that the EPA initially identified as being ‘‘key pollut-
" ants” to include in the NHEXAS.® . :

Perc is a volatile organic compound that may cause
adverse health effects® ranging from acute CNS, liver,
and kidney effects for exposure to relatively high levels

1. INTRODUCTION

In 1990, the Environmental Protection Agency's
(EPA) Science Advisory Board (SAB) found that the
EPA’s ability to assess (and implicitly to manage) hu-
man health risks is limited by its lack of pertinent ex-
posure data.? In response to this finding, the EPA has
proposed to conduct studies like the multimillion dollar
National Human Exposure Assessment Survey

(NHEXAS) which is intended to provide national ex-
posure information to improve risk management deci-
sions.® This paper provides estimates.the value of
improved national estimates of perchloroethylene (perc)
exposure from U.S. dry cleaners using statistical deci-

! Harvard Séhool of Public Health, Harvard Center for Risk Analysis,
718 Huntington Ave., Boston, Massachusetts 02115.

of perc (over 678,000 pg/m* = 100 ppm), to recently
reported induced color vision loss'%!" and chronic kid-
ney toxicity at lower levels.(*' However, at ambient
and current occupational concentrations, carcinogenicity
is a concern and it has been the primary basis for reg-
ulation.*9 The EPA currently places perc in the contin-
uum between classes C (possible carcinogen) and B2

0272-433297/0400-0253512.50/1 © 1997 Society for Risk Analysis
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Table 1. Mode! Industry Profile (D-D = Dry-to-dry and T =
) Transfer machines)™"

Machine  Annual output .

size (load of cleaning at Total Number of Percent

. capacity in  full capacity number of uncontrolled of
kgWtype (kg/yr) facllities  facilities  uncontrolled
3.6/D-D 6800 3042 1615 53
11.3/D-D 28,400 2575 797 k]|
13.6/D-D 34,000 1691 625 37
15.9/D-D 39,700 7178 2114 29
20.4/D-D 51,100 2024 1 39
22.7D-D 56,800 1438 638 a4
27.2/D-D 68,100 91 39 43
45.4/D-D 113,500 1605 661 41
15.9/T 47,700 6524 3941 60
22.1T 68,100 1095 . 439 40
45.4/T 136,200 726 182 25
Total 27,989 11,842 42

(probable carcinogen), and substantial amounts of un-
certainty and controversy exist about perc’s carcinoge-
nicity+!» and potency.® This case considers perc
exposure from dry cleaners because dry cleaners are the
major users of perc.(*9

The approach we take is based on statistical deci-
sion analysis which provides an analytical framework for
valuing information in the context of a decision. The
approach is well-developed and has been previously ap-
plied in the context of numerous environmental health
risk management decisions.0¢"” While our analysis is
similar to previous spplications, it differs because we
focus on understanding the value of national exposure
information from the perspective of three possible levels
of decision making—the individual facilities, facilities
with a particular machine type and size, and facilities
with a particular machine type.

Consistent with the NESHAP decision, we relied
on EPA’s industry model and its technology and eco-
nomic assessments described briefly in Section 2.#21
Section 2 also reviews the exposure and dose-response
information available for perc and dry cleaners. Since
the EPA’'s formal analysis did not include quantitative
estimates of risk or social benefits of the regulation, we
developed a risk model to characterize the total popu-
lation risk that may be reduced by control of perc emis-
sions from dry cleaners and an integrated model to value
the benefits in monetary terms. These models, discussed
in Section 3, rely on assessing the risk for a number of
different exposed populations that may experience re-
duced exposures with control, and then combines these
estimates the get total population risk related to the de-
cision. In this first cut analysis, estimates of the expo-
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sures of workers, consumers of dry cleaning services,
and the general public are probabilistically characterized
to reflect uncertainty about exposure and potency. Based
on these characterizations, estimates of the expected val-
ues of perfect information are discussed in Section 4
along with the results of sensitivity analyses. Section 5
provides a discussion of insights from the analysis and
limitations to its application. In particular, we consider
the implications of these results for the design of na-

tional exposure studies like the NHEXAS and how tech-

nological changes in the industry may change the
analysis and results.

2. LITERATURE REVIEW

2.1. Industfy Structure, Technology, and Motivation
for Regulation

During the past two decades, the multibillion dollar
dry cleaning industry has been regulated under a number
of environmental statutes and has achieved a substantial
amount of emission control.'¥ With over 30,000 indi-
vidual facilities, the industry is largely composed of
small businesses and the technology used by the industry
is highly varisble. Since the 1950s, perc’s popularity as
a dry cleaning solvent has grown consistently, and in the
carly 1990s it was estimated that approximately 85-90%

“of all dry cleaners use perc.('? While the sizes (and ca-

pacities) of machines vary substantially, two general
types of machines are used. Transfer machines include
a separate washer and dryer similar to domestic laundry
machines. Dry-to-dry machines perform both washing
and drying in a single unit. In order to characterize the
industry, EPA developed an industry profile that classi-
fied the existing stock of perc machines into machine
type and size categories as shown in Table I.

For any particular facility, decisions about emis-
sions reduction are complex. They involve costs to the
owner (which may or may not be passed on to the con-
sumer and/or the workers) and potential benefits to the
owner, workers, their families, consumers of dry clean-
ing services, and the public. Control decisions are further
complicated by uncertainty associated with estimating
the benefits of control, difficulties associated with val-
uing the benefits, facility-specific characteristics, local
and state requirements, and competing opportunities to
reduce risks associated with other types of exposure.

Ambient emissions account for a substantial frac-
tion of perc losses from some dry cleaning machines and
they are categorized into two types: vented emissions
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Facility with
transfer machine

RC

RC+TR
RE —
RC+RE
DD+RC

DD+RC+DC

Case Study for Dry Cleaners
Facility with
dry-to-dry machine
NO
RC
RC+DC
NO Do nothing

RC Install a refrigerated condenser

DC Install a secondary door control device
TR Install a transporter .

RE Install a room enclosure

DD Switch to a dry-to-dry machine

Fig. 1. Decision trees for two types of facilitles.

and fugitive emissions. Vented emissions include all
emissions that may be collected easily and passed
through a control device. Fugitive emissions include
perc losses from clothing transfer and leaky process
equipment and other losses that are not easily col-
lected.®2M Since the use of emissions control devices
provides a potentially cost-effective method for reducing
ambient emissions, exposure, and risk to perc from dry
cleaners, the NESHAP considered requiring control de-
vices for existing uncontrolled facilities (estimates of the
‘numbers and percents of uncontrolled facilities are
shown in the last two columns of Table I). The NESHAP
control altematives can be summarized using one of the
two decision trees shown in Fig. 1 (which shows only
the nondominated actions).

Two decision trees are required because different
control options are applicable for the two types of ma-
chines, dry-to-dry or transfer, that & facility' may use.
Based on current information about the costs and per-
formance of carbon adsorbers and refrigerated condens-
ers (RCs), EPA assumed that refrigerated condenser
technology dominates for the control of vented emis-
sions (i.c., it costs less and is equally or more effective).

Consistent with the NESHAP requirements, we implic-
itly assume that facilities currently using carbon adsor-
bers operate them properly, and consequently we only
consider facilities with uncontrolled machines. As shown
in Fig. 1, we assume that for facilities with uncontrolled
dry-to-dry machines the decision is whether to do noth-
ing (NO), to install a refrigerated condenser (RC), or to
install both a refrigerated condenser and secondary door
control (DC) to limit emissions when the machine door
is opened (RC + DC).%2? We assume that the decision
for facilities with transfer machines is whether to do -
nothing (NO), to install a refrigerated condenser (RC),
to buy a transporter unit to reduce emissions associated
with transferring clothes from the washer to the dryer
(TR), to enclose the machine in a room (RE), to replace
the transfer machine with a new dry-to-dry machine
equipped with a refrigerated condenser and perhaps sec-
ondary controls on the door (DD + RC or DD + RC
+ DC), or some combination of these.?*3" The current
state-of-the-art technology in perc dry cleaning machines
is the closed-loop (nonvented) dry-to-dry perc machine
(DD + RC + DC), and an average-sized new machine
costs on the order of $50,000 (capital costs only). We



" Table IL. Annual Control Costs ($1989/yr) for Machines (Same
Categories as Table I) and Control Technologies for Interest Rates
(1) of 2.5% and 5% (Not Including Solvent Credit)®2

. Annual control costs with i=5%
DC TR RE DD+RC

Machine sizé/type RC

" 3.6/D-D _ 7349 993
113 t0 27.2/D-D 1461 993
. -454/D-D . - 1971 993 : .
158/ 1927 993 753 ' 2076 5192
29T 1927 993 753 . 2076 5760
45.4/T 2433 - 1041 807 . 2154 8071

Annual contro) costs with {=2.5%"*
DC TR RE DD+RC °

Machine size/type RC

3.6DD . 7215 944

1130 272D-D 1365 944

45.4iD-D 1838 944 »

159T 1798 944 704 1883 4501
23T - 1798 944 704 1883 4955

454/T" 2268 983- 758 1961 7006

Table IL Emission Factors and Control Efficiencies for Different
: Machine Types and Control Options
Dry-to-dry machines -
(kg Perc/100 kg clothes) ~ Control efficiency

- Control option  Vemted Fugitive Total Veated Fugitive Total

NO 31 25 56 0 .0 0
_RC. 02 25 27 -095. O . . 052
RC+DC 0.0 25 25 09 0 0.55
g ‘ ‘ Transfer machines :
Emissions factor

(kg Perc/100 kg clothes) Control eﬁmency

Control option * Vemted Fugitive Total Ventod Fugitive Total '

NO 4.0 50 950 0 o .0
TR- - . ~40: 31 .71 0 - 038 021
RE - - 40 - 26 66 0 048 027

. RC ..© 06 -50. ‘56 08 0. 038
RC+TR ..~ 06 31 .37 085 038 059
RC+RE - 0.6 26 32 085 048 064
DD+RC ~ 02 "~ '25 .27 0985 05 070

DD+RC+DC 00 25 25 099 0.5 0.72

s

: -césts on tﬁe'order' of $50,000 (capital cbm only). We

have implicitly assumed that switching solvents, closing,

. and selling the facility have higher social costs than

would be justified -and consequently that they are not

. feasible options (the implications of this assumption are
* discussed in Section 5). Table II gives the estimated an- -

nual control costs of the different technologies for two

costs (TSC):

Thompson and Evans

interest rates (i = 2.5%.and i = 5%),® and Table III
gives the estimated coritrol efficiencies. @2 .

. Although human exposure to perc emitted by dry
cleaners could also be reduced by other types of control,
these are not ‘considered in this analysis. For example,
while the exposure of consumers of dry-cleaned clothes
to emissions of residual perc left on the clothes has been
explored,®29 the industry and EPA have not identified
effective control strategies for reducing these emissions -
from perc-cleaned clothes.®® In addition, while the strat-

' egy of relocating dry cleaners out of residential buildings

would clearly reduce the perc exposures reported in res-
idential buildings,’* the costs of such a strategy are
probably best characterized on a case-by-case basis.

For this case study, we assume that the decision
maker is an EPA regulator trying to establish a regula- -
tory standard for the industry that minimizes total social

. TSC = CC + HC o ey
where CC represents the control costs and HC represents

" the health costs associated with the total population can-
cer risks resulting from emissions of perc by the dry . °

cleaner. We do not consider the noncancer health risks
(associated with perc or its photochemical degradation’
products) or ecological risks because we assume that

" these are small. In addition, we did not put any con-

straints on maximum individual risks, although such
constraints could be added to this type of analysis. The
dilemma to adding such constraints inthis case is that
the maximum individual risks are experienced by work-

" ers, and regulation of worker exposure falls under the

jurisdiction of the Qccupational Health and Safety Ad-

- ministration (OSHA).

We identify three levels on which the regulator may
wish to set standards depending on the amount of facil-
ity-specific information. considered:. (1) by facility—
choosing the control option that minimizes social costs -
associated with each particular facility, (2) by machine
category—choosing the control option that minimizes

~ social costs associated with representative facilities for

each machine type and size category (Table I), and (3)
by machine type—choosing the control option that min-

imizes social costs associated with all facilities using a

particular machine type (dry-to-dry and transfer). Thus,
we assume that a regulator who desires optimal deci-
sions at the facility level is concerned with aspects of
each facility that distinguish it from other facilities with .

respect to risk (c.g:, the location of the facility and the
" levels of exposure experienced by workers in the facil-

ity). In contrast, we assume that a regulator deciding by

-machine category or type would focus on the aggregate

4
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risk from the industry and not on: vanabxhty assocmted» :

with individual faczhtxes

2.2, Exposure Studnes

: A systematlc nat:onal survey that fully chmcter-
izes perc exposure and risk among the U.S. population
-has not been conducted. Nonetheless, everyone is ex-
posed to some level of perc via inhalation and several

studies provide insight sbout the magnitude of such ex-

posures. The EPA’s Total Exposure Assessment Meth-

 odology (TEAM) Study results suggest that indoor and -

~ outdoor samples collected at the participants’ homes-are
_similar (with indoor levels slightly higher), and that ex-

. posure outside the bome (associated with personal activ- -

ities) may be substantial @ Many stadies have
provided ambient measurements of perc which collec-
tively suggest that daily average concentrations of perc

vary spatially and temporally and that ambient concen-

_ trations of perc.in urban and suburban areas are typically

several times higher than those in rural areas.?V Perc -
measurements in remote areas reflect the global transport -
of perc that occurs because of its slow destruction by

reaction with hydroxyl radicals in the upper ‘tropo-
sphere.®» Two studies prowde msxght into exposure to
perc from water, 334

While these studies are mfonnatxve for assessmg :

total exposure to perc, they do not provide insight about

- exposure to perc specifically from .dry cleaners. More
importantly, they do not support the development of pre- ~

dictive models that are required to assess the costs and

. benefits of control for dry cleaning facilities; However,

a number of dry cleaning-specific exposure studies have
been performed that provide information relevant for

- this case. These studies suggest that exposure to perc ' -

from dry cleaners may occur in a number of different
ways. First, workers at dry cleaning facilities (both ma-
chine operators and others) are exposed to perc emitted
into the facility from dry cleaning machines and storage

vessels and during the processing of cleaned clothes.®>4%

Second, ‘everyone is exposed to ambient emissions of
perc from a dry cleaner because perc has a long lifetime
in the atmosphere, although exposures to individuals
who live in the vicinity of dry cleaning shops are the
’ highest. 14240 Third, customers who use dry cleaning
" services are exposed to perc when they eriter a dry clean-

" ing facility to drop off or pick up clothing and when

they transport, wear, and store the clothing in their
homes.@-23241 Fourth; the families of dry- cleaning
- workers may be exposed: to perc brought home by the

: worker,“"‘"’ possibly “by the workers exhalmg perc”

287

stored in their bodies.“® Fifth, people may be exposed

to perc while using laundries that offer coin-operated dry

“cleaning services.“" Finally, exposure to perc may occur
- from contaminated waste water and/or solid waste which
is transported away from the facility. Although limited .
;" industrywide information exists about the amourits and
- “locations of perc contaminated waste associated with dry

cleaning facilities, currently most of the industry’s waste

water and solid waste are-treated ¢ 'as hazardous waste.('¥

2.3 Dose-Response Studies

Epldexmologxcal ewdence of perc’s carcmogemcxty .

is largely inconclusive,®” although various studies sug-

" gest excess mortality from leukemia, bladder, hmg, cer-
- vix, kidney, skin, ésophageal, and/or colon cancer.“s=®

- Mutagenicity assays and genotoxicity studies have been .
inconclusive as well, and the mechanism by which perc -

may ‘cause tancer i§ unknown. Although only a rela-

tively small percent of perc is cleared from the body by
‘metabolism, metabolites of perc are believed to be re-

sponsible for its potentml carcmogemclty and toxic ef-

. fects.-:

" The -concem about perc’s. carcmogemc:ty is based

on the results of animal bioassays and mechanistic stud-
* jes. Two bioassays®’» showed dose~response trends for

liver tumors in mice. The survival of the rats:used in the
National Cancer Institate (NCI) bioassay®™ was inade-

" quate to’ support any conclusions, but the rats showed -

" ‘some evidence of chrohic respiratory and kidney disor-
ders. Rats in the National Toxicity Program (NTP) bi- .
oassay®® showed: a statistically’ significant dose- .
- response trend for leukemias based on NTP historical

data for background leukemia responses. However, these
results are weakened by the. fact that the laboratory that
conducted this bioassay has a substantially higher back-

ground of leukemia responses than most.®® Three other

limited bioassays®® did not show statistically signifi-
cant evidence of increased tumors in the test animals.
Based on the NCI and NTP bioassays, the EPA derived

" @ unit risk for perc of 5.8 X 10~7 (ug/m®)! or approx-

imately 1 X 10-? (mg metabolized/’kg/d)—*.®

" The State of California discussed and demonstrated

the large amount of uncertainty that exists about the

status of perc as a human carcinogen and about its car- .
. cinogenic potency.® California considered the implica-

tions of making different assumptions in its derivation
of a point estimate of unit risk. Specifically, California

. derived 144 point estimates using different NCI and
" 'NTP animal bioassay datasets, different physiologically- - .
“based pharmacokinetic (PBPK) models, different inter- =
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species  scaling . factors, and both administ:ered and
metabolized doses. It was found that the 95% upper con- -
fidence limit of the linear parameter of the ** linearized””

multistage model (¢¥) ranged from 0.0050 to 0.42 (mg
metabolized/kg/d)~! and from 0.00019 to 0.085 (mg ad-

ministered/kg/d)~!, which gave an 84-fold range in me-

tabolized dose and a 447-fold range in administered
 dose. This three order of magnitude range in g} is re-

. markable, and it provided a basis for California to con-
clude that *‘Clearly, then, the [PBPK] model, study,

route of exposure, and tumor type taken to calculate the

appropriate dose in dose-response assessment is [sic] a
significant factor in cancer-risk extrapolation for [perc]”’
(Ref. 6, App. B, pp. 5-32). McKone and Bogen
(1992)@ developed a distribution for perc’s potency that

reflects uncertainty in the choice of animal bioassay da-

taset and interspecies scaling factors for estimating po-
- tency given (1) the assumed physiologically-based
pharmacokinetic (PBPK) model for estimating metabo-
lism, and (2) the multistage model for extrapolating from
high animal to low human doses. It implicitly places
equal weights on different bioassay results and a prob-
ability of 20% on the possibility that perc is not.a car-
cinogen (i.c., that it has a potency of zero). The
distribution gives expected and 95th-percentile potencies
of .approximately 0.1 and 0.4 (mg metabolized/kg/d)"!,
respectively.09 ..

Several sources of uncertamty may not be fully cap-
tured by the California analysis or in the potency distri-
bution given by McKone and Bogen (1992).64- These
include the apparent incompatibility of some of the
available datasets used to calibrate the PBPK models
. with other equally plausible calibration datasets,® dif-
ferences in assumptions made by different PBPK mod-
els, 836465 and the issue of selecting the ‘appropriate dose
surrogate.©® In addition, no one has seriously considered
the use of other dose-response models for perc (e.g.,
threshold models)? or attempted to elicit a dose-re-
sponse distribution from experts (e.g., see Ref 68).

3. MODELS

3.1. Risk Model

Based on the literature review, we develop 2 risk

model that relies on assessing the risk for a number of

different exposed populations and then combining these
to estimate the total risk as shown in Eq. (2):

Thnmpson nnd Evans
P . SRR '
k=XR=B-sLi 5% @

where R = the total annual population risk (cases/yr),
R, = the total annual population risk for exposed pop-

‘ ulation p (cases/yr), B = the potency (cases/person)+(mg

metabolized/kg/d)~!, f = a conversion factor accounting
for the typical breathing rate (20 m*d) and body weight

: (70 kg) of an exposed individual, and 0.001 mg/pg, M,

= the fraction which is metabohzed for “population p )
(mg metabolized/mg inhaled), £, = annual population -
exposure (people-pg/m*/yr), and f‘ model. uncertainty

| _ factor (dimensionless).

We considered four different exposed populahons
for this case study: (1) workers, (2) families of worker.
(referred to as families), (3) people who consume dry

cleaning services (referred to as consumers), and (4)
- people exposed to ambient emissions (referred to as the
. public) because some of the control strategies have the

potential to reduce their exposures and consequently

_lead to health benefits. Workers are exposed to the high-

est concentrations (on the order of 10,000-100,000

. pg/m?). Further analysis suggested that the risks to fam-

ilies were very small compared to the risks for workers,

- and consequently we assume that the benefits associated

with reducing risks to families are negligible. Consumers
were considered because-in aggregate they can account

~for a substantial population exposure cven though each

individual spends relatively little time in the facility

" picking up and dropping off clothes. The public was

included in.the model because of its potentially signifi-

* cant aggregate exposure and because most of the control

alternatives under consideration were primarily intended
to reduce ambient emissions and to limit exposure of the
public.

For all of the exposed populauons except the pub-
lic, we further characterize E, according to Eq. (3):

E-—NFC . .»*(3)

where N the aggregate number of exposure events in
populatlon p, which is the number of people times the
annual number of exposure events per capita (peo-

-ple-events/yr), F = the fraction of time spent (as an

annual average) exposed per event (events)~', and C =
the average perc concentration during the period of ex-
posure (pg/m?’).

.- To estimate E g,.; We evaluated two components
One accounts for the effects on the population near the
source (E,~,) and the other accounts for the fact that perc
may be transported globally and affect people in other

* parts of the world (E,;..). Because of differences in pop- -
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ulation density and preva.ﬂmg meteorologlcal condmons :

that depend on the location of the facility, there are dif-
. ferences in exposure to ambient emissions associated
with dry cleaners with similar ambient emission rates

- (Q). To estimate E,,/Q for a facility, we used Version
T of the EPA’s Human Exposure Model (HEM).©? This -
version of the HEM combines a sector-averaged Gaus-

sian plume dispersion model and meteorological obser-
vations with population data to estimate the population
exposure from a source. The model finds the centroids

of census blocks (the finest resolution available with the -
Census data), estimates the concentration at each cen-

troid, multiplies that concentration by the 1990 Census
. population in the block, and aggregates the results for

all of the blocks.? The location of the facility is a key
- input into the HEM because it determines the appropri-

ate meteorological conditions and population data. We

use an additional term (¥,2,) to characterize the uncer-
tainty in annual average concentrations predxcted by
Gaussian dispersion models. '

To estimate E,;,/Q, we use a simple one-com-'( )

pﬁmt model, described in Appendix A, which ac-
counts for dilution and transport of perc with the global
circulation, and includes uncertainty about perc’s life-

time in the atmosphcre (L) assuming that perc is only

destroyed by photochemically reacting with OH radicals.

We include uncertainty about the model in the atmo- -

 spheric lifetime term. Since in both of these models ex-
posures are proportional to the emission rate (Q), they
can be expressed as: :
(.E;-z

0 'Y"“‘.J'JQE)_ -

B =0

3.2 Integrated Decision Model

" Given the risk model, the decision maker’s objec-

tive is to choose the control option, k, which minimizes

the total social cost (TSC), i.e., the sum of control costs
and health costs to the various exposed populations:

. e ) B R ‘
TG, =cc,—.s.+ﬁ-f-VEM-E 0L

where CC, is the annualized conu'ol ~cost of optwn :

K$/yr), S, is the credit for solvent savings (S/yr), ¥ in-

dicates the value of preventing a statistical case of cancer -

‘ 'Smceﬂ:eHBMubuedonuecwuvmgedGmunphmemodel
*" and it does not take into considerstion the presencé of complex ter-

o nm(eg..momﬁmmnga),nmnynotgwegoodpmdlmmmmh

~ sions) (kg/yr), and O, =
tion k (kg/yr).
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 ($/case), and E,, 18 the annual populanon exposure for
populanon p for option k (people-pg/m?).
.The solvent savings for option k (Sg are estimated

} usmx Eq (6)

=PC- (QNo - 00 - ®

“wﬁere PC =,cost of perc ($/kg) = 0.683,2.Qy, =

emissions associated with doing nothing (baseline emis-
emissions assocxatcd with op-

 We further assume that £, is related to the baseline
population exposure (£, o) and can be modeled_ as;

BumEwe (e (D

where e,, is efficiency of control opnon k for reducing -
the exposure of population p. For £y, We use the total -
pWe o
use the control efficiencies for fugitive emissions (given_
“in Table 1) as explaincd below. .

control efficiencies, while for £, 4., and £,

33. Inpnt Selectlon

>

The dxstnbutlons and pomt esnmatcs -we tsed as

“mputs to the risk mode] (summarized in Table IV) reflect -

our judgment about the cxxstmg ‘information. The un-

certain parameters include: perc’s carcinogenic potency,
B; the fraction of inhaled perc which is metabolized at
high doses, My, and low doses, M,,,; the lifetime of

perc in the atmosphere, L; the uncertainty in estimates

of annual average population exposure derived from the
EPA’s HEM, f,.; the variability of local population
exposure per unit emissions, £, /Q; the levels of ex-
posure experienced by operators, C e, a0d nonoper-

' ators, Cm, the annual average fraction of time
workers spend in a facility, F,M.., the -annual average

" fraction of time consumers spend in a facility, Fmens
and the aggregate number of consumer trips made toa = -

- facility per year unit output, N ier/O: " v

. For some of the parameters, characterization of un-

* -certainty depends on the level of the decision. For fa-

cility-specific decisions, the relevant exposures are: the

exposures of the workers in the facility, the exposures :
" of the customers who use the facility, the exposures of

members of the public living nearby,-and the exposure

from global dispersion of the perc emitted: For machine
‘type or category decisions, the exposures of interest are:

the average exposure of workers in a facility of this type

(and size), the average exposure of consurhers visiting a

~ facility of this type (and size), the average exposure of
people in communities near dry clea.ners, nnd thc aver- -

age global exposure.
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" Table IV. Input Distributions
T " Distribution or point estimate: - - . ERE
' Decision level: .. lognormal {median,gsd); - o : T
: o F=facility .. uniform {min,max}); ? R ce
S Exposed C=category .. - triangular (minmax, = - s .
’ ‘ ‘ Parameter " popilation . M=machine most likely) " Source or basis -
M B . All. ~ F,C,M: - Empirical Ref. 34.
et N-\‘b‘_ j,b'< ) Public, F,CGM - Uniform(0.038,0.46) - Ref. 34
Y N M Workers  F,C,M  Uniform(0.0033, 0.0067)  Ref.7 -~
N A Public .~ FCM . Uniformy(1,9) - Appendix A
Conr Eu " Public F Lognormal (0.53,2.2) Ref. 69,
. e O C,M .- '0.74 o mean of
I : T 1 distribution
Geearby iy Fow . Public F " Lognormal(1,2) Rl T2
. . ?_ - s _Public C,M- - "Lognormay(1,1.4) Ref. 72
’ ? o - .- Workers - F. Lognonnal.(Z.OXIO’,Z.S) o Rnf 35
“ i i C Pl Workers CM .Logno_rmnl(Z.OXIO’,l-.M) Ref. 35 '
' & 75 Workers,  F ' I.ognoml(4.sxm~'4.3) C L Ref 35 -
c ; Workers, C,M Lognmma-l@ 8><10‘ 1. 3) .Ref. 3§
Frao b s P, . Workers - F . Uniform(0.2,0.3) . Local dry
, w84 L outom . c,M .. 025 ) cleaners
cndp Nosmn Consumers F .. " Uniform (0.57,069) " Ref. 75
m-n-\ [¢] ' CGM. 0.63 - o :
TR : Consumers -~ F - " Triangulsr(3.8X 10, " Local dry
: : o 191073, 96)(10“‘) cleaners
: : - C,M 9.6X10~ :
" yglobal, Yworkes, Al . F,C,M 1
Y consumers '
R A " Workes F,CM 1
Noeps " Workers -~ F,C,M

For all exposed populations, we use the distribution

for § for metabolized doses given by McKone and Bo-
gen (1992).09 We used two distributions for M,: (1) one
" for low (ambient) exposures, and (2) one for hlgher (oc-
cupational) exposures. This distinction was made be-
cause at higher exposures, lower fractions of the inhaled
perc are metabolized than at lower exposures. However,

" during their brief visits to a dry cleaner, we assume that

consumers continue to metabolize perc at the higher rate '

of metabolism characteristic of low exposure.

. For a facility at any specified location, the value of
E‘,_./Q can be readily obtained using the EPA’s HEM.

Consequently, if the locations of all uncontrolled facil- .

- jtiea are known, then a distribution reflecting the site-to-

site variability in population exposure from ambient
emissions can be characterized by multiple runs of the

HEM. To characterize the site-to-site. variability in ex- "

posure to ambient emissions, we ran the EPA’s HEM

usmg the locations of 100 dry cleaners for an annulus
around the source ranging from 20 m to 50 km. The

- locations were randomly selected from a representative

list of 600 U.S. perc dry cleaners provided by a national
trade association. The ayerage from this distribution of
100 site-specific values (Eow) Was used to characterize _

* the mean population exposure per unit of ambient emis-

sions of perc for machine type and category decisions.
Some investigators have used a ‘‘factor of two’’ to
describe uncertainty in annual average concentrations
predicted by Gaussian dispersion models™™ based on
validation studies conducted under ideal conditions (e.g.,

" flat terrain, within 10 km downwind)."® Under less ideal

conditions (¢.g., complex terrain or meteorology and ur-
ban releases), other investigators have estimated errors .
for annual average concentrations in excess of ten-

fold.o® For facility-specific decisions, we assume that
the HEM estimates the average concentration reasonably
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~ well for the very large averaging areas and times appro- I

priate to this analysis and account for model uncertainty

using a lognormal distribution for ¥, with a median of .
1 and a geometric standard deviation of 2. We rechar-

acterize the uncertainty in ¥, for the machine type or
category decisions based on the assumption that random
errors associated with individual facilities will average
out nationally and consequently uncertainty in the na-

tional average exposure would be somewhat less (we use

_a geometric standard deviation of V2).

- Most studies of worker exposure have found dif-
ferences that depend on both job type (machine operator

vs. nonoperator) and machine type (dry-to-dry vs. trans--

fer) (see Table I of Ref. 48 for a summary). These data

.indicate that the exposures of transfer machine operators
are typically two times greater than dry-to-dry machine -

operators, and that exposures of machine operators are

ators. Consistent with a preliminary EPA analysis,™ we
assumed that worker exposures were unchanged by the
introduction of a control device (a carbon adsorber

and/or refrigerated condenser) and consequently that

workers would not benefit from such control. This as-

.sumption implies that worker exposure is primarily re-
lated to fugitive emissions, and it is further supported '

by the recent measurements of worker exposure in fa-
cilities using controlied state-of-the-art machines.“

By far, the largest study of worker exposure in the
dry cleaning industry is the personal exposure study con-

" ducted by the International Fabricare Institute (IFT), al- -

though Ref, 35 does not provide adequate information

‘to generate distributions of worker éxposure. We re-
quested data from the IFI in order to generate distribu- -

tions for worker exposure and to explore the issue of
whether control would reduce worker exposure. Because
these data were stratified according to machine type, job

" type, and whether or not the facility reported using a
vapor control device, we were able toperform some pre-
liminary analyses to test this assumption. Although the -

data are cross-sectional, not controlled for facility size,

and otherwise limited, they were consistent with the as-

sumption that vapor control did not change worker ex-
posure (t-tests were not significant). Consequently, we

stratified the data only for job type and machine type
~ and fit lognormal distributions for C, and C, '
for facilities with transfer machines (see Fig. 2 for his- 7

tograms of the data).? For facility-specific decisions, we

" characterize uncertainty based on the means and stan-

"3 We were unable to reject the mull hypothesis that the distributions

wmlognormllbuedonfheShnpno—WﬂhMlhc(p 0.18, for
both)
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dard deviations of the data, and for machine type and
category decisions we use the standard errors of the
mean. We encourage the dry cleaning trade associations

' to perform and publish analyses of their data and to fur-

ther test these assumptions.

Based on-discussions with local cleaners we esti-
mate that the anmu.l average fraction of time spent work-
ing in a facility, Fu ranges between 0.2 and 0.3

. (approximately 40 hr/week). We use the mean of this

distribution for machine type and category decisions.
In order to ‘estimate N, oppmer/O We used the results
of a nanona.l solvents usage survey which provided a
frequency distribution - of commercial dry cleaning
use.79 W¢ assumed that people who dropped off clothes
leas frequently than once a week made a separate trip to

. pick-up clothes, and that a person drops off an average
_ - of 2 kg of clothing per trip.* These assumptions imply
“typically almost 2 times greater than those of nonoper-- -

that a cleaner processes 3341 kg of clothes per 100 peo-

" ple served and that 0.63 people-trips are made to the dry -

cleaner per kg of dry cleaning output (O). To character-

" ize uncertainty about this relationship for facility-spe-

cific decisions, we assume that there may be a 10% error
in either direction. We use the mean of the distribution
for machine type and:¢ategory decisions. Although it is
possible that there may be a correlation between the fre-
quency of visits and the amount of clothes dropped off,
we are unaware of any data to suggest such a correlation

~ and we do not account for the possibility here.

To estimate time-weighted average exposure from
visiting a commercial cleaner, we assume that consum-
ers entering the facility are exposed to perc at the same

_ level as nonoperators in the facility. We were unable to
find any data which discussed the average amount of

time which people spend in the dry cleaner when they
drop off and pick up clothes. Consequently, based on
discussions with locdl dry cleaners, we assumed that
F e for facility-specific decisions would be between
2 and 10 minutes (which is converted to a fraction by
dividing by the number of minutes in a year). We use a
point estimate of 5 minutes for machine type and catc-
gory decisions as shown in Table IV..

4. DECISION VALUE OF INFORMATION AND
SENSITIVITY ANALYSES :

4.1. Method

The best control alternative for thé decisioﬁ maker
to- choose given no additional information is known as

‘Atwo-ploeemmss\ntmdnh:upweawommsmtuchwmxh
lboutlkg R .
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Fig. 2. Histograms of time-weighted-average (TWA) exposures for operators and non-operators at facilities with transfer machines.

the @ priori k (denoted k*). Due to uncertainty about the
actual risk, the total social costs for any control alter-
native k are uncertain and are represented by a distri-
bution (denoted 7SC,). For an expected value decision
maker, by definition, the best alternative is the one with
the lowest expected total social cost. The expected value
of perfect information (EVPI) is the most that a decision
maker should be willing to pay to resolve all of the un-
certainty about risk prior to making a decision. This can

be expressed symbolically as: Tiba) See Cost For

R Aok v o~ e
EVPI = f (TSC* = TSC**(R,v0)) AR no * {9).
foo codrals (RS

where k** is the control alternative that minimizes
TSC(R, o) for any specific value of R, 4o In most cases,
it is not possible to completely resolve the uncertainty
in risk. However, there may be tests available that will

ee
Parn s | Ko Wa --- Wa) 0WF A
! K —Ky) E-k""
fws ﬁ. e oee v\'.'{,‘ K:zhf.(a,,...ﬁ'.)
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provide information about one or more of the compo-
nents of the risk model. Estimating the expected value
" of perfect information for components of the risk equa-
tion provides an upper bound on the value of the infor-

mation provided by the test. For any tests that appear to
be worthwhile, the next step is to characterize the im- '
perfect nature of the test and to assess the value of the -

imperfect information. '

In order to assess the value of befte: exposure in- -

formation for the entire industry, we perform the deci-

sion analysis for representative dry cleaners from each -

of the 11 size and machine type categories defined by

the EPA@3D and thén aggregate the results® We used
simulation techniques for all of our analyses using the .
methodology described by Thompson and Graham

(1996).7% Simulations were performed using SAS ver-

sion 6.0.9 (SAS Institute, Inc., Cary, NC) to estimate the -
expected values of perfect information about risk and

about several components of the risk equation. In the
absence of an accepted policy indicating social prefer-
ences for discounting and valuing life, we computed the

control costs based on an interest rate of 5% and value -
health benefits using ¥ = $3 million as a base case. In -
addition, we performed sensitivity analysis that vary V-

between $1 and $10 million for two different interest

rates (i = 2.5% and 5%) based on recommendations

made in Ref. 77 and 78, although recent studies of public
preferences suggest the ranges may be larger.0%%

/4.2, Results

" The d_et:ision'a.nd value of information analyses for
a single facility illustrate the levels of risk at issue and .

the effects of the different control alternatives. Figure 3
shows the total social costs for the different control al-

ternatives as functions of the risk to the public for a

facility with a 15.9 kg dry-to-dry machine located such
that the population exposure from ambient emissions

equals the mean of E,,,. The best a priori decision is -

to do nothing. However, the expected value of the risk

(at the 73rd percentile of the risk distribution) falls very .

 close to the breakpoint (which occurs at the 74th per-
centile of the risk distribution) where the optimal deci-

sion switches from doing nothing to- installing a

refrigerated condenser. Consequently, there is value as-
sociated with obtaining .information prior to.making a

- decision. The expected value of perfect information

. TEPA had 14 categories, but the control strategies for the three cate-
goﬁuhﬁehdnﬁiﬂm&xwmmteonﬁdendinmmﬂym

because there was a net savings associated with control from saving

" solvent and consequently the decision to control dominated. .

“
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* " (EVPI) for this facility is approximately $370/yr.¢ Table

V provides estimates of the value of perfect information

- about various components of risk for this facility anda -

summary of the contributions to variance in risk (CV).
" Sincé the uncertainty in potency (B) and metabolism .
(¥,,,,) combined account for over 95% of the variability
. in risk (R), it is not surprising that the value of better
" information about these inputs exceeds that for better
exposure information. . ‘ :
For a facility with a 15.9 kg transfer machine lo- -
* cated such that the population exposure from ambient
emissions equals the mean of E,,, Table VI provides
the expected total social costs for the different control
alternatives based on the expected values of the risk dis-
tributions for the different exposed populations. Given -
.our assumptions, the population risks experienced by the o
~ consumers are an order of magnitude higher than those
- experienced by workers and the public, in part reflecting
' the order of magnitude difference between M,, and
My, The best a priori decision is to install 2 room
enclosure and a refrigerated condenser, but the expected
value of risk falls close to the breakpoint between in-
stalling the room enclosure alone and installing both the
room enclosure and a refrigerated condenser. As shown
_in Table V, completely resolving uncertainty would be
“worth approximately $1430/yr. The EVPI for potency
(B) and metabolism (#) combined of approximately
$1210 is almost twice the EVPI for perfect exposure -
information of approximately $740/yr. Much of the
value of perfect exposure information comes from re-
solving uncertainty about €, ppemons Which is both rela-
. tively uncertain and used to estimate the risks to both
workers and consumers. ) ‘ ‘

" Performing this analysis for all of the categories,
Fig. 4 provides the EVPIs and the EVPIs for exposure
(denoted EVPEI) for a representative machine (assuming
E... = Er) in each category. These estimates are mul-
tiplied by the number of facilities in each category to
estimate national EVPIs. The 3.6 kg and 45.4 kg dry-
to-dry machine categories are not included in Fig. 4 be-
cause there is no value associated with collecting
additional information for these facilities. The peaked

“trends in the EVPI and EVPEI for the dry-to-dry ma-
" chines are indicative of the nature of the decisions made -
for the different categories. For the first three dry-to-dry

machine categaries the best.a priori decision is to do

4 An estimats of the prosont value of the EVEI can be obtained by
multiplying by a.factor of 20 (i.e., assuming a constant stream of
benefits at an interest rate of 5%.) Given our approach of aggregating

" from the facility level up to the national level, consideration must be

made of reducing the numbers of uncontrolled facilities as facilities
adopt control measures.
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nothing, while for the last three categories, the best @

priori decisien is to install a refrigerated condenser.

. When the expected value of £, becomes relatively .

closer to the breakpoint between these two options, as it

does for the 15.9 kg and the 20.4 kg dry-to-dry ma-
- chines, information becomes relatively more. valuable. .. -
__The best a priori decision for the transfer machines is -

~ to require installation of both a room enclosure and re-

. frigerated condenser. For decxsmns based on machine -
) type only, the best a przorz decision is to requlre nothmg :

" . in facilities with dry-to~-dry machines, and to require re-
. frigerated- condensers and room enclosures in facxhnes .
- with transfer machines. - - ,
: .. Nationally, -we estimate- that the EVPI pbout risk.
;for the industry is approximately $4 million/yr for de-
. cisions made by category or machine type, and approx-
imately $8 million/yr for decisions made by facility (as
. showrt in Table VID. Information for ‘facilities with
transfer machines accounts for appronmawly 85% of
' ﬂlese totals. The EVPIs about potency and mctabohsm S
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Table V. Contributions to Variance in-Risk (CV) and EVPIs for -
Compqnenta ofkukfor:Facmtywnha 159kgMachme(Bm

Case)
’ Mnchine_type
15.9 kg dry-to-dry 15.9 kg transfer
Random varisble cv EVPElL CV EVPL
e S 100% . 370 . 100% 1430
B % 170 10% . 740
3% 97% 360 90%. - 1210
B 93% - 340 88% . 1080
i 1% 130 L<1% 160
AN 2% 150 <% 170
b L. %% . 640
F C<1% 100
N S <1% - 120
For <1% 120,
& <% @ 120

h-.\n.s - \na\n\!. F wir

.He, + Mms ., ephm,\ Qasisw., osvari Fram hiil-aes

‘combmed (BM) is approximately $4 million/yr for de-

cisions made by category or machine type, and approx--

imately $7 million/yr for decisions made by facility. . -

- These values are much larger than the EVPIs for expo-

sure (denoted the EVPEIs) which are approximately half -
a million dollars per year for decisions made by category

or machine type, and increase to approximately $3.5 mil-
lion/yr for decisions made by facility. - :
Looking at the EVPIs for specific input to the risk
model, we can consider which types of additional ex-
posure information may be worth collecting. For deci-
sions made by machine type or category, the most
valuable exposure information appears to be information
about the lifetime of perc in the atmosphere (£). For
decisions made by facility, the most valuable exposure

.information appears to be information about the levels

~ of exposure t0 nonoperators (Cpopenwa) in €ach facility

that operates a transfer machine. This information, worth

approximately $2.8 million/yr, has a high value because .

it heavily i_nﬂucnccs whether a particular facility should

install fugitive emissions control equipment to reduce
the levels of exposure within the facility. Perfect infor--

mation about other exposure variables—including L

¥ E. ., and F, . ,—may each be approxxmately a
few hundred thousand dollars per year. -
‘The EVPI and EVPEI are very sensitive to. the

choices of ¥ and i (shown in Fig. 5). For facility-specific -

decisions (a) the EVPI ranges from $3 to $12 million/yr

and the EVPEI varies from $1 to $3.6 million/yr. For

" decisions based on category (b), the EVPI ranges from
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""$1 to $8 million/yr and the EVPEI ranges from $0 to $2

million/yr. For decisions based on the machine type (c),
the EVPI ranges from $1 to $13 million/yr and the
EVPEI ranges from $0 to $2 million/yr. In addition, if
the decision maker chooses to ignore uncertainty in

-~ dose-response and use the EPA’s unit risk estimate for

perc EVPIs for the industry drop to zero.

5. DISCUSSION

Since this analysis suggests that the EVPI for can-
cer risks due to perc exposure from dry cleaners may be .
on the order of several hundred thousand to several mil- -

- lion dollars per year; it may be worthwhile to ask - :
" whether a study like the NHEXAS could collect the
- types of exposure information that we have identified as

being valuable. In this case, the most valuable infor-
mation for a decision maker is related to the dose-re-
- sponse parameters and particularly about the potency of

~perc (which the NHEXAS is unlikely to resolve).

The value of exposure information depends heavily
on the level on which decisions are made. The contrast
betweén the levels is clearly démonstrated in their rela-

tive values of exposure information for non-operatorsin

facilitics which use transfer machines. Decisions at all
levels produce some value associated with collecting in-
formation about ¥, , and L. Information about the abil-
ity of the HEM to accurately predict aggregate popula-

: tion exposure (¥,..,). may be worth collecting depending

on the amount of uncertainty it resolves. In addition, the
value estimated in this case represents a lower bound on

the value of generally validating the HEM if such a val- -
~ idation study would reduce the uncertainty in exposure
. estimates for other similar types. of sources. Better in- -

formation about perc’s lifetime in the atmosphere (£)
and implicitly about the model we have used to char-.

- acterize the global benefits of control may be worth-

while. However, this value depends on our assumption ~
that the same J applies to the entire global population. -
For some parts of the global population, at the margin,

" “there are far cheaper ways of reducing risks in other :

parts of the world than in the U.S. Nonethclcss, the value
of this information for this case may underestimate the

true value of knowing perc’s lifetime in the atmosphere

if other decision makers would beneﬁt fmm such infor-
mation,

The regulator estabhshmg facility-specific standards
would find some other types of exposure information
valuable. In particular, information about the time con-

. sumers spend in-a dry cleaners per visit (F o remes) 8P~
.- pears to be worth its cost. This type of information and
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"information about the numbér of trips to dry cleaners
(Wcusumee) COUld be collected in a time-activity study
- done as a part of the NHEXAS and would also be useful

Table Vl. Bstimates ofthn P.xpecwd Total Social Costa for the Different Control Alternatives for a F:cxhty wn.h a .
159 kg Trensfer Machine (Base Case) . .
Expected value of risk (R,) (cases/yr)* . Expected
) ~.. Control Solvent social cost
BT costs . crodit o : (TSCY
Option (k) (CC) ($hyr) ~ (S ($/yr) . Consumers Public ~ Workers Total (8/yr)
NO. . 0 .0 52X10°  7.9X10~  5.6X10~ 66X10% 19,700
RC 1927 1108 52X107  49%X10-*  5.6X10- 6.2X10"2. -19,600
TR o 753 S 619 - ¢ 32x1077 T 6.2X107¢° 3.5X10~* 42X10" 12,700
RC+TR 2680 1727 32%107 . 3.2X10-¢- 3.5X10™ 3.9%10-? 12,600 :
RE ’ 2076 7827 . 27X107 - 5.8X]10™¢  29X10™* 3.6x107 - 12,000 -
"RC+RE 4003 1890 - . 2,7X10°*  2.8X10™*  2.9X10~ 33x10-3 12,000 -
DD+RC - 5192 20525 2.6X107 24X10~ 2.8x10-¢ 3.1x10°? 12,500 °
DD+RC+DC 6185 2118 2.6X10-  22X10~¢  2.8X10~ 3.1x10"? 13,300
« Expected values of risk are based on the following expected values of the risk distributions in the sbsence-of further _
' control for the different exposed populations (i,,r): R = TIX10™, Ry = 5.6X107%, 800 Roquus = 52%x10-,
1000 - (a) By Focility Table VIL Estimates of the EVPIs for Components of Risk (SMM/
R ; : yr) for the Base Case by Different Decision Leovels :
—t ¢ EVPEI | : .. Random varisble By facility - By category . By machine type
N i ‘ .
S C _ _ - o - ‘
£ 1000 | B o RN R .16 4 40
& : N X ' B 36 06 02
= T . B a5 43 38
5 el RN i 58 40 .33
E s00} T : . i 10 . 04 ‘ 0.07
] S ‘ B 11 023 003
o ooLe b o 2 a & 2.8 o001 0.001
113 138 165 20, X ‘ = S
| m_’god&"m 272 159 zv 4 F 04 _
o Catagory 03 o0
1600 . Frem 05 L 0
1400 | i EVPI . . spaoeis .05 0 0
. e xem | (b) By Cotegory
B 1200 | " .
2
L 1000} ;
" R v . : . :
B soor o s to validate the assumption of independence used in this
-] - g vy - .
5 .eoofp. _ ) N - model. If the regulator did not know the locations of the
"B aoof 4 uncontrolled facilities prior to conducting its analysis,
el A, _ v then resolving this uncertainty would be important (i.e.,
A T Ao e it is worth on the order of several hundred thousand

" dollars per year). Though it may be surpnsmg that in-

formation about exposure of operators is not of value, it
-is consistent with our approach that focuses on reduc-
tions in population risk as opposed to the nsks of highly-
exposed individuals. '

Several possible extensions or reﬁncments of this 7

‘ﬁrst-cut analysis are possible. First, while this analysis
-is based on our interpretations of the-available: infor-
mation, it may be worthwhile to cnhcally evaluate the
default assumptions we made about uncertamty in cur-
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- rent estimates of exposure and potency, and to consult

" with relevant experts to obtain more accurate distribu-
“tions, oosts, and-valustions for-the analysis. This may be '
partncula.rly true for some vanables like the C
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" Fig. 5, Changes i the EVPI and EVPEI as & function of ¥ and | from for decisiotd made by fucilty (s), category (b), ind machine type (0). -

‘which has a mlatxvely hxgh value of mformanon, or ?,,_,, 3
"“which changes the EVPI for exposure bécause it in-
' creases the expected value of K, and makes installa-

“tion of the refrigerated condemet technology relauvely e
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more favorable. Clea.rly, the preferences of relevant risk

-managers should be used for actual decision-making .

. purposes. IR
Second, other facility-specific information could be
considered. For example, we have not considered vari-

ability or uncertainty in the cleaning output, control ef- .. .

ficiencies, or control -costs, although different dry
" cleaners operate at different capacities and they may ac-

tually incur very different costs and obtain different con-

trol efficiencies. In addition, facilities operating delivery
services or drive throughs may lower exposures of con-
sumers and some workers.

~ EPA will soon revisit the issue of controlling perc

emissions from dry cleaners under the residual risk pro-
. visions of the Clean Air Act. The decision and EVPIs
" at that point are likely to differ from this case study
because the industry is shifting largely to the state-of-
" the-art nonvented dry-to-dry machines and because ‘wet
~ cleaning”’ technology (using water for *“dry clean” fab-

rics instead of perc) may soon be highly cost-effective.

" Thus, this type of analysis should be considered dynamic, -

and iterative as the technology and information available
change. R o
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APPENDIX A. MODEL FOR GLOBAL
. TRANSPORT OF PERC ‘

We déveloped a simple model for global transport

of perchloroethylene (Perc) based on a model which
considered global transport of radon.®” The model con-. -,

siders the region between 15 to 55 degrees N latitude as
a pipe and assumes that air moves predominantly from

West to East and that the importance of diffusion is neg-

" ligibly small relative to advection. We assume that Perc
~ is removed only by photochemical reaction with OH rad-
icals and that the process can be characterized as a first-

| ~Th61.1'1p§onv and Ev"ans‘

order process with a globally-averaged rate constant for
this region (L). Based on our analysis, we found that we '
could adequately approximate the pipe with a single box
with volume V. Consequently, we model the population
exposure due to global transport as: - IR

Ny Q250 L

where N, = the number of people in the box, 0 = .
_the. emissions of Perc into the box in kg/yr, ¥ = the

volume of the box (km?), and [ = the globally-averaged
rate constant (1/yr).”

Using available population data, we estimated that
there are approximately 3.8 X 10° people in the box
(Ngows)- Based on the assumption that mixing occurs

. throughout the troposphere to a height of approximately

11 km, we estimated the box volume (V) to be approx- |
imately 1.6 X 10° km’. Given current worldwide pro- =

‘duction of Perc, we estimated that Perc emissions into

the box were approximately 3.6 X 10* kg/yr (Q) in 1990.
Finally, Wang et al.®2 provide an estimate of L for Perc
of approximately 2.5/yr and a global average concentra-

" tion of approximately 0.14 pg/m*® (20 ppt) for 1990.

Combining all of these inputs into the box model, we
estimated a global average concentration of 0.09 pg/m’

(13 ppt), which is very close to the estimated value. We

assume that their is some uncertainty about the globally-
averaged lifetime of Perc in the atmosphere. We char- -
acterize uncertainty in L assuming that it could be

- between 1 and 9/yr (ie., we could be off by as much as

50%). Since the use of this L yields a wide range of
global average concentration estimates, we felt it unnec-
essary to separately incorporate a term for model uncer-
tainty. Thus, we assume that ¥y, = 1:
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